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Obesity is an important factor that predisposes to the development of type 2 diabetes mellitus 
(T2DM). The transition from obesity to T2DM is preceded by insulin resistance which can manifest 
in response to environmental influences such as the intake of high-fat diets or genetic factors, such 
as deficiency in the production of leptin. Obese (ob/ob) mice are characterized by the absence of 
production of leptin and become obese due to severe hyperfagia. Taurine (Tau) is a non-essential 
amino acid and among its various biological actions stands out its involvement in the regulation of 
glucose homeostasis and energy metabolism. Our aim was to evaluate the effect of Tau 
supplementation upon the development of obesity, glucose homeostasis, structure and function of 
the endocrine pancreas in ob/ob mice. We used C57 and ob/ob who drank water (C and ob) or 5% of 
Tau (CT and obT) from 30 to 90 days of age. Ob mice showed massive accumulation of body fat, 
glucose intolerance and insulin resistance. These changes in glucose homeostasis were followed by 
adaptive morphological and functional changes in the pancreatic islet from ob mice with 
hypersecretion of insulin in response to glucose associated with increased Ca
2+
 influx and a 
reduction in somatostatin action on the β cell. This increased secretory response was also associated 
with increased activity of the parasympathetic nervous system, as ob islets secrete more insulin in 
response to the cholinergic agonist carbachol (Cch), and when protein kinases (PK) -A and C 
pahtways were activated. However, female ob islets showed no reduction in insulin secretion in 
response to phenylephrine, suggesting diminished sympathetic sensitivity in this group. Tau 
supplementation did not prevent the development of obesity, but improved glucose tolerance, 
reduced hepatic glucose production and increased insulin sensitivity. Islets from obT mice showed 
attenuation of hypersecretion of insulin in response to glucose. This effect may be associated with 
improved sensitivity of obT islet to somatostatin and lower Ca
2+
 influx in response to glucose and 
reduced the amplification of insulin secretion in response to cholinergic/PKC pathway and increased 
sympathetic sensitivity in islets from female obT mice. Moreover, we observed higher glucagon 
secretion in islets from ob mouse and this change may be due to changes in the excitement of α cell 
because the ob group increased frequency of Ca
2+
 oscillations in response to basal and stimulatory 
concentrations of glucose. All physiological changes were accompanied by an increase in islet, β 
and α cells masses in the pancreas from ob mice. Tau reduced the mass of islets and β cells, however 
there was a higher content of α and δ cells masses in obT. Morphological and functional 
modifications in islets from ob mice were accompanied by reduced gene expression of glucagon, 
somatostatin, GLUT-2, TRPM5, SSTR2, and MafB, but increased mRNA content of insulin, PAX6, 
PDX-1 and Ngn3. Tau normalized gene expression of glucagon, TRPM5 and GLUT-2 and increased 
the expression of MafA, Ngn3 and NeuroD. Our results indicate, for the first time, that 
supplementation with Tau improves glucose homeostasis by regulating the morphology and 
physiology of β, α and δ cells in ob mice, indicating a possible therapeutic role for preservation of 


































A obesidade é um importante fator que predispõe ao desenvolvimento do diabetes mellitus tipo 2 
(T2DM). A transição da obesidade para o T2DM é precedida pela resistência à insulina que pode 
se manifestar em resposta a influências ambientais, como a ingestão de dietas ricas em gorduras, 
ou por fatores genéticos, como a deficiência na produção do hormônio leptina. Camundongos 
obesos ob/ob são caracterizados pela ausência da produção do hormônio leptina e apresentam 
obesidade por hiperfagia.  A taurina (Tau) é um aminoácido sulfatado não essencial e dentre suas 
várias ações biológicas destaca-se seu envolvimento na regulação da homeostase glicêmica e 
metabolismo energético. Nosso objetivo foi avaliar o efeito da suplementação com Tau sobre o 
desenvolvimento da obesidade, homeostase da glicose, estrutura e função do pâncreas endócrino 
em camundongos ob/ob. Foram utilizados camundongos C57 e ob/ob que beberam água (C e ob) 
ou 5% de Tau (CT e obT) dos 30 aos 90 dias de vida. Camundongos ob apresentaram massivo 
acúmulo de gordura corporal, intolerância à glicose e resistência à insulina. Essas alterações na 
homeostase à glicose foram acompanhadas por alterações morfológicas e funcionais adaptativas 
na ilhota pancreática dos camundongos ob, sendo evidenciada hipersecreção de insulina em 
resposta à glicose associada ao maior influxo de Ca
2+
 e redução da ação da somatostina sobre a 
célula β.  Essa maior resposta secretória também pode estar associada à maior ação do sistema 
nervoso parassimpático, visto que ilhotas ob secretaram mais insulina em resposta ao agonista 
colinérgico, carbacol (Cch), e quando as proteínas kinases (PK)-A e C foram ativadas. Contudo, 
ilhotas de fêmeas ob não apresentaram redução da secreção de insulina em resposta à fenilefrina, 
o que sugere menor sensibilidade simpática nesse grupo.  A suplementação com Tau não 
preveniu o desenvolvimento da obesidade, mas melhorou a tolerância à glicose, reduziu a 
produção hepática de glicose e aumentou a sensibilidade à insulina. Ilhotas de camundongos obT 
apresentaram atenuação da hipersecreção de insulina em resposta à glicose. Tal efeito pode estar 
associado à melhora na sensibilidade da ilhota obT à somatostatina e ao menor influxo de Ca
2+
 
em resposta a glicose, bem como redução da amplificação da secreção em resposta à ação da via 
colinérgica/PKC e a maior sensibilidade simpática na ilhota de fêmeas obT. Ainda, foi 
observada maior secreção de glucagon em ilhotas de camundongos ob. Essa alteração pode ser 
devida a alterações na excitação da célula α, pois o grupo ob apresentou aumento da frequência 
de oscilações de Ca
2+
 em resposta a concentrações basais e estimulatórias de glicose. Todas as 
alterações fisiológicas da ilhota pancreática foram acompanhadas por aumento da massa de 
ilhotas, células β e α no pâncreas de camundongos ob. A Tau reduziu a massa de ilhotas e 
células β, contudo no pâncreas do grupo obT houve maior massa de células α e δ. As 
modificações morfofuncionais da ilhota ob foram acompanhadas por redução da expressão 
gênica do glucagon, somatostatina, do GLUT-2, TRPM5, do SSTR2, e MafB, porém aumento 
do conteúdo de mRNA de insulina, PAX6, PDX-1 e Ngn3. A Tau normalizou a expressão dos 
genes do glucagon, Glut-2 e TRPM5 e aumentou a expressão de MafA, Ngn3 e NeuroD. Nossos 
resultados, pela primeira vez, demonstraram que a suplementação com Tau melhorou a 
homeostase glicêmica regulando a morfo-fisiologia das células β, α e δ em camundongos 
geneticamente obesos, indicando um possível papel do aminoácido na preservação da função 
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“Quand le doigt montre le ciel, l'imbécile regarde le doigt” 
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]i – concentração intracelular de Ca
2+
 
[AMP]i – concentração intracelular de monofosfato cíclico de adenosina 
AC – Adenilato ciclase 
Ach – acetylcholine, acetilcolina 
AMPc – Monofosfato cíclico de adenosina 
AMPK – proteína quinase ativada por AMP  
ANOVA – analysis of variance  
ANS – autonomic nervous system 
AUC – area under the curve  
BW – body weight 
C – control group 
cAMP – cyclic adenosine monophosphate 
Cch – carbachol 
Chol – cholesterol  
CNPq – Conselho Nacional de Desenvolvimento Científico e Tecnológico 
CT – control group group supplemented with Tau 
DAG – diacylglycerol, diacilglicerol 
DZX – diazoxide  
EGTA – ethylene glycol tetraacetic acid 
FAPESP – Fundação de Amparo a Pesquisa do Estado de São Paulo 
FOXA1 – forkhead box protein-1 





GLUT – transportador de glicose 
GSK3 – glycogen synthase kinase-3  
IP3 – inositol 1,4,5-trisphosphate, inositol-1,4,5-trifosfato 
ipGluTT – Intraperitoneal glucagon tolerance test 
ipGTT – Intraperitoneal glucose tolerance test 
ipITT – Intraperitoneal insulin tolerance test 
IR – receptor de insulina  
IRS – substratos do receptor de insulina  
KATP – canal de K
+
 sensível ao ATP 
KRB – Krebs-Ringer bicarbonate buffer  
M3 – muscarinic type 3 receptor 
MafA – V-maf musculoaponeurotic fibrosarcoma oncogene homolog A 
MafB – V-maf musculoaponeurotic fibrosarcoma oncogene homolog B 
MAPK – proteína quinase ativada por mitógenos 
NEFA – non-esterified fatty acids 
NeuroD – Neurogenic differentiation 
ob – obese group (ob/ob) 
obT – obese group supplemented with Tau 
PAX6 – Paired box protein 6 
PC2 – prohormonio convertase 2 
PDX-1 – pancreatic duodenal homeobox gene-1 
Phe – phenylephrine 
PI3K – fosfatidilinositol 3-quinase  





PL – fosfolipase 
PMA – phorbol 12-myristate 13-acetate  
PNS – parasympathetic nervous system 
SNC – sistema nervoso central  
SNS – sympathetic nervous system, sistema nervoso simpático  
SST – somatostatina 
SSTR – receptor de somatostatina 
T2DM – type 2 diabetes mellitus; diabetes mellitus tipo 2 
T1DM – diabetes mellitus tipo 1 
Tau – taurine; taurina 








































Obesidade e Diabetes 
A obesidade é uma epidemia crescente, resultante da combinação de fatores genéticos e 
ambientais e é um dos principais fatores de risco para o desenvolvimento do diabetes tipo 2 
(T2DM). Dentre outros fatores, a resistência periférica à insulina em obesos é um dos principais 
aspectos no desenvolvimento e progressão da intolerância à glicose e diabetes (Spellman, 2007). Na 
medida em que os indivíduos ganham peso devido ao aumento do tecido adiposo, a resistência à 
insulina aumenta. O prejuízo na ação da insulina está associado ao acúmulo ectópico de lipídeos, ao 
desenvolvimento de um processo inflamatório subclínico, estresse de retículo endoplasmático, 
fatores que comprometem a ação da insulina nos tecidos periféricos e, portanto a homeostase da 
glicose (Samuel e Shulman, 2012).  
Para compensar a perda da sensibilidade à insulina, várias alterações morfológicas e 
funcionais acontecem nas ilhotas pancreáticas, incluindo o aumento na massa de células  
pancreáticas e da secreção de insulina, levando à hiperinsulinemia (Seino, Shibasaki e Minami, 
2011). O diabetes se instala quando a massa de células  e a secreção de insulina diminuem, 
alterações provavelmente associadas a efeitos glicolipotóxicos (Poitout e Robertson, 2008; Giacca et 
al., 2011), levando à insuficiência na disponibilidade de insulina e hiperglicemia. 
A mutação no gene ob/ob em camundongos foi descoberta em 1949 em uma colônia de 
camundongos domésticos e foi transferida através de cruzamentos para a colônia de camundongos 
C57Bl/6. Essa espécie é bem caracterizada por apresentarem obesidade juvenil severa, hiperfagia, 
hiperinsulinemia e hiperglicemia (Mayer e Silides, 1953; Garthwaite et al., 1980; Lindström, 2007), 
tornando-se um dos modelos animais mais usados para o estudo da obesidade e do T2DM.  
Os camundongos ob/ob são indistinguíveis de seus irmãos até a segunda semana de idade, 
quando começam a desenvolver obesidade e hiperinsulinemia, sendo essas diferenças muito mais 
acentuadas na quarta semana quando começam a desenvolver hiperglicemia. A glicemia continua a 
aumentar até entre o terceiro e o quinto mês de idade, ao mesmo tempo em que os animais 
apresentam ingestão alimentar muito elevada e com rápido ganho de peso (Westman, 1968; Edvell e 
Lindström, 1995; 1999). 
Com relação à ação da insulina, os camundongos ob/ob demonstram aumento do acúmulo de 
muscular de lipídios (Jolly et al., 1978; Giacomelli e Wiener, 1979) o que pode contribuir para a 
redução da captação de glicose, da função mitocondrial e ao estabelecimento da resistência a 





reduzida no tecido adiposo (Gettys et al., 1997). A gliconeogênese hepática é elevada, contribuindo, 
assim para hiperglicemia (Lombardo e Menahan, 1979).  
Devido à severa resistência insulínica observada nesses animais, o pâncreas endócrino 
apresenta adaptações morfológicas e funcionais para compensar a reduzida ação desse hormônio, 
com aumento do número de ilhotas pancreáticas, assim como hiperplasia e hipertrofia das células 
pancreáticas (Lavine et al., 1977; Lenzen e Klöppel, 1978), e aumento do conteúdo de insulina 
(Findlay et al., 1973; Tomita et al., 1992b).  O aumento do tamanho das ilhotas pancreáticas nesses 
camundongos não parece estar ligado somente à alteração direta no pâncreas em função da 
deficiência de leptina, mas sim à resposta das células β à demanda aumentada de insulina (Tomita et 
al., 1992b), sendo evidenciado que e as ilhotas dos camundongos ob/ob respondem a estímulos 
liberadores e inibidores na maioria das condições experimentais (Edvell e Lindström, 1999).  
 
Pâncreas endócrino  
O pâncreas é uma glândula mista, com função tanto endócrina quanto exócrina. As ilhotas 
pancreáticas estão dispersas ao longo do parênquima exócrino e apresentam-se na forma de 
aglomerados arredondados de células poligonais, dispostas em cordões entremeados por uma rica 
rede de capilares sanguíneos e são envolvidas por uma delgada cápsula rica em fibras reticulares 
(Findlay e Thomas, 1980; Gómez Dumm et al., 1987). As ilhotas são constituídas por cinco tipos 
celulares com função endócrina: as células β, secretoras de insulina; as células α, secretoras de 
glucagon; as células δ, secretoras de somatostatina; as células PP, que secretam o polipeptídeo 
pancreático; e as células ε, produtoras de grelina (Orci, 1976; Cabrera et al., 2006; Hellman et al., 
2012).  
Esses hormônios estão direta ou indiretamente envolvidos na homeostase glicêmica: a 
insulina tem ação hipoglicemiante, enquanto o glucagon tem ação hiperglicemiante; a somatostatina 
possui ação parácrina, inibindo a secreção de insulina e glucagon; o polipeptídeo pancreático exerce 
ação inibitória sobre a secreção exócrina pancreática e de somatostatina; e a grelina inibe a secreção 
de insulina (Kanno et al., 2002; Dezaki, Kakei e Yada, 2007; Kojima et al., 2007; Hellman et al., 
2012; Kim et al., 2014; Wierup, Sundler e Heller, 2014).  
Os hormônios produzidos pelo pâncreas endócrino estão relacionados com a homeostase 
glicêmica por meio de ações em tecidos periféricos, como fígado, músculos e tecido adiposo 
(Petersen et al., 2007; Martyn, Kaneki e Yasuhara, 2008; Perry et al., 2014). Todas as células 





homeostase da glicose, desta forma, comprometimento na secreção destes hormônios está 
diretamente relacionada a disfunções que ocorrem no T2DM (Ferrannini e Mari, 2014). 
 
Secreção e Ação da Insulina  
A secreção de insulina pelas células β é controlada continuamente de acordo com as 
flutuações da concentração de nutrientes circulantes, em especial, a glicose. Este açúcar é o 
regulador mais importante da secreção de insulina sendo que em resposta ao aumento de glicose na 
circulação há um aumento rápido, ou pico da liberação do hormônio nos primeiros minutos da 
estimulação, constituindo a primeira fase da secreção. Enquanto a concentração de glicose 
permanecer elevada, uma segunda fase é observada e, embora possua menor amplitude do que a 
primeira resposta, esta é sustentada até que a normoglicemia seja estabelecida (Straub e Sharp, 2002; 
Hiriart e Aguilar-Bryan, 2008b). 
Os mecanismos responsáveis pela secreção de insulina estimulada pela glicose iniciam-se 
com o transporte deste açúcar pelas células β pancreáticas, através de um transportador específico 
(GLUT-2); a glicose então é fosforilada à glicose-6-fosfato pela enzima glicoquinase (GCK) e 
metabolizada gerando ATP. O resultado é o aumento da razão ATP/ADP, que provoca o fechamento 
dos canais de K
+
 sensível ao ATP (KATP), presentes na membrana da célula β. A redução do efluxo 
de K
+
 das células leva à despolarização da membrana que, por sua vez, provoca a abertura de canais 
de Ca
2+ 




]i) ativa a maquinaria secretória, ocorrendo migração dos grânulos de insulina para a 
membrana plasmática e posterior extrusão de seu conteúdo (Yang e Berggren, 2006; Hiriart e 
Aguilar-Bryan, 2008a; Henquin, 2011). 
A metabolização da glicose nas células e a subsequente elevação da [Ca
2+
]i podem ativar 
enzimas que produzirão outros mensageiros intracelulares que contribuem para a amplificação do 
sinal iniciado pela glicose. Uma destas enzimas é a adenilato ciclase (AC) que, ao clivar o ATP, 
produz adenosina monofosfato cíclico (AMPc) que, por sua vez, ativa a proteína quinase (PK)-A, 
que interage com a maquinaria exocitótica, propiciando a extrusão dos grânulos de insulina 
(Delmeire et al., 2003; Dyachok et al., 2008). Além disso, a metabolização da glicose e o aumento 
da [Ca
2+
]i também estimula a hidrólise de fosfoinositídeos através da ativação da fosfolipase (PL) C 
(Thore, Wuttke e Tengholm, 2007), resultando na formação do inositol-1,4,5-trifosfato (IP3) e 
diacilglicerol (DAG), que induz a liberação de Ca
2+





aumenta a sensibilidade do aparto exocitótico ao Ca
2+
, beneficando a exocitose dos grânulos de 
insulina (Nesher et al., 2002; Tengholm e Gylfe, 2009).  
Além dos nutrientes, o sistema nervoso possui papel de destaque sobre a regulação da 
secreção de insulina. As ilhotas pancreáticas são inervadas por terminações derivadas do nervo vago 
que possuem principalmente a acetilcolina (Ach) como neurotransmissor. A estimulação colinérgica 
é dependente de glicose e seus efeitos aparecem em concentrações entre 5 e 7 mM de glicose e se 
mantêm até a concentração máxima efetiva de 30 mM de glicose (Hermans, Schmeer e Henquin, 
1987; Hellman, Dansk e Grapengiesser, 2014).  
Dentro da família de receptores muscarínicos (M1 – M5), os subtipos M1 e M3 são 
expressos em ilhotas pancreáticas (Boschero et al., 1995; Duttaroy et al., 2004); mas somente o M3 
tem relevância sobre a secreção de insulina (Gautam et al., 2007). A Ach se liga a receptores 
muscarínicos acoplados à proteína Gs (estimulatória), levando à ativação da PLC e, portanto, 
aumento da concentração intracelular de IP3 e DAG. Como já descrito, o IP3 estimula a liberação de 
Ca
2+
 do retículo endoplasmático que, juntamente com o DAG, ativa a PKC, uma serina/treonina 
quinase envolvida na fosforilação de elementos da maquinaria exocitótica, aumentando, assim, sua 
sensibilidade ao Ca
2+
 (Gilon e Henquin, 2001a; Ruiz De Azua et al., 2011).  
As ilhotas pancreáticas também recebem inervações oriundas do sistema nervoso simpático 
(SNS). As fibras estão em íntima proximidade com as células da ilhota e liberam noradrenalina, 
galanina e neuropeptídeo Y (Gilon e Henquin, 2001b). A noradrenalina pode inibir as células  ao 
interagir com receptores 2-adrenérgicos, que estão acoplados à proteínas Gi (inibitória), e portanto,  
reduzirão a concentração intracelular de monofosfato cíclico de adenosina ([AMPc]i) por inibição da 
AC, e subsequente abertura de canais de K
+
, promovendo repolarização da membrana e redução da 
secreção de insulina. Por outro lado, aumento na secreção de insulina também pode ser evidenciado 
quando a noradrenalina ativa receptores 2-adrenérgicos, os quais estão acoplados à proteína Gs e 
portanto aumentarão a [AMPc]i nas células  (Sharp, 1996). 
 
Secreção e Ação do Glucagon 
Os mecanismos envolvidos no acoplamento estímulo-secreção de glucagon na célula α-
pancreática de humanos ainda não está completamente elucidado, uma vez que muitos dos 
componentes envolvidos na função da célula α também são comuns às células β (Quesada, Tudurí, 





Sabe-se que as células α de camundongos possuem na membrana plasmática o transportador 
de glicose (GLUT)-1, canais de Na
+
 sensíveis à voltagem, canais de Ca
2+
 sensíveis à voltagem do 
tipo T e do tipo N, além de canais de KATP (Göpel et al., 2000; Gromada e Rorsman, 2004; 
Pereverzev et al., 2005; Macdonald et al., 2007). A secreção de glucagon é estimulada quando as 
concentrações plasmáticas de glicose estão reduzidas. Em células α de camundongos, a glicose é 
transportada para o interior da célula α pelo GLUT-1, cujo Km é baixo (2-3 mM), de tal forma que o 
transporte de glicose para o interior da célula ocorre de forma eficiente quando as concentrações 
plasmáticas de glicose estão baixas. Uma vez no interior da célula α, a glicose é metabolizada, 
aumentando a razão ATP/ADP, o que promove o fechamento dos canais de KATP. A redução do 
efluxo de K
+
 promove elevação da voltagem da membrana da célula α para -60 mV, resultando na 
abertura dos canais de Ca
2+
 do tipo T. O influxo de Ca
2+
 por meio desses canais aumenta a voltagem 




 do tipo N são abertos. A 
entrada de Ca
2+ 
por estes canais contribuem para a ativação da maquinaria exocitótica dos grânulos 
que contém glucagon (Nadal, Quesada e Soria, 1999; Quesada, Nadal e Soria, 1999; Quesada, 
Todorova e Soria, 2006).  
Além de baixas concentrações de glicose, a secreção de glucagon também pode ser 
estimulada por ácidos graxos. O palmitato agudamente aumenta a exocitose de glucagon por elevar 
a entrada de Ca
2+
 na célula α e também por reduzir a ação inibitória da somatostatina sobre a célula 
α (Olofsson et al., 2004). Aminoácidos também são relevantes na modulação da função da célula α, 
já que a arginina, alanina e glutamina são estimuladores potentes da secreção de glucagon (Pipeleers 
et al., 1985; Dumonteil et al., 2000). As células α também são inervadas pelo sistema nervoso 
simpático, tanto a noradrenalina secretada pelas terminações simpáticas quanto as catecolaminas 
adrenais estimulam a secreção de glucagon via receptores β2-adrenérgicos nas células α (Taborsky e 
Mundinger, 2012; Thorens, 2014).  
As ações do glucagon no jejum para manutenção da glicemia ocorrem principalmente no 
fígado onde o hormônio interage com receptores acoplados à proteína Gs, aumentando a [AMPc]i, 
com consequente ativação da PKA que promoverá aumento da expressão e ativação de enzimas 
envolvidas na glicogenólise e gliconeogênese, aumentando portanto a produção hepática de glicose 
para elevar a glicemia. O glucagon também age no tecido adiposo, ativando a lipase hormônio-
sensível o que elevará a hidrólise de triacilglicerol, liberando ácidos graxos e glicerol para a 
circulação. Os ácidos graxos servirão como substrato para os tecidos não-glicolíticos e o glicerol 





 Em contraste, quando aumentar a concentração plasmática de glicose haverá inibição da 
secreção de glucagon. Vários mecanismos são sugeridos estarem envolvidos nesse processo. Uma 
hipótese concebe que quando há maior concentração de glicose no líquido extracelular, a maior 
concentração de glicose subsequente no interior da célula α, resultará em aumento tamanho na 
concentração de ATP que bloqueará muitos canais de KATP, elevando o potencial de membrana da 




 ficariam inativos (Quesada, 
Tudurí, et al., 2008b). Além desse efeito direto da glicose sobre a célula α, a sinalização parácrina 
dos hormônios e de outras moléculas sinalizadoras secretadas pelas células das ilhotas exercem 
ações inibitórias importantes sobre a secreção de glucagon (Walker et al., 2011). 
Estudos têm demonstrado que o glucagon também tem participa na fisiopatologia do T2DM 
(Dunning e Gerich, 2007; Quesada, Tudurí, et al., 2008b). Sabe-se que, além da disfunção 
observada nas células , a função das células  também está alterada na intolerância à glicose, 
resistência à insulina e diabetes. Neste sentido, o diabetes não está associado somente à deficiência 
de insulina e/ou sua resistência periférica, mas também ao aumento relativo ou absoluto da 
concentração plasmática de glucagon (Thorens, 2008). Alterações na concentração de ambos os 
hormônios contribuem para o aumento na liberação de glicose hepática e, consequentemente, na 
instalação do quadro de hiperglicemia (Dunning e Gerich, 2007; Quesada, Tudurí, et al., 2008b). 
Várias alterações na população de células  foram descritas no diabetes ou ainda, no estado pré-
diabético. No Diabetes mellitus do tipo 1 (T1DM), em casos avançados do T2DM e em vários casos 
de intolerância à glicose, a inibição da secreção das células  em resposta à hiperglicemia é perdida 
ou atenuada (Brown, Sinaii e Rother, 2008; Schrader et al., 2009). Além disso, a ausência da 
secreção de glucagon em resposta à redução da concentração de glicose plasmática é outra 
característica do T1DM e no T2DM (Gosmanov et al., 2005).  
Embora a maioria dessas alterações na dinâmica da secreção do glucagon tenha sido 
reportada por experimentos em cultura de células de humanos e modelos animais, os mecanismos 
que levam a tais alterações são quase totalmente desconhecidos. Enquanto alguns estudos apontam 
para uma perda intrínseca da resposta das células  à glicose, outros sugerem que a menor 
quantidade de insulina, a resistência à insulina das células , ou ainda alterações na regulação neural 
devem ser responsáveis pelas anormalidades observadas nas células  no estado pré-diabético e no 







A somatostatina (SST) tem ação primariamente inibitória e controla paracrinamente a 
secreção de glucagon e insulina. A SST é um hormônio peptídeo que existe em duas formas ativas 
constituídas por 14 e 28 aminoácidos, respectivamente (SST-14 e SST-28). Ambas as formas são 
processados a partir do mesmo precursor (pró-SST) e a isoforma secretada pelas células δ é a SST-
14 (Braun, 2014).  
O que se sabe sobre a secreção de SST é devido principalmente a estudos em culturas de 
células. Assim como as células β, as células δ de humanos e camundongos expressam KATP e a 
secreção de SST é estimulada por glicose, pela tolbutamida (bloqueador dos canais KATP) e inibida 
pela diazoxida (agente que abre os canais KATP) (Braun et al., 2009). Além disso, assim como em 
células β, a secreção de SST depende do influxo de Ca
2+
 (Zhang et al., 2007). 
Originalmente, acreditava-se que existiam apenas dois subtipos de receptores de SST (SSTR) 
com base em estudos de ligação com análogos sintéticos (Raynor e Reisine, 1992). Usando a 
tecnologia do DNA recombinante, os SSTR1 e SSTR2 foram então isolados a partir do pâncreas de 
humanos e caracterizados farmacologicamente em cultivos celulares (Yamada et al., 1992). 
Posteriormente, chegou-se à conclusão de que haviam 5 subtipos de receptores através da clonagem 
desses receptores em tecidos de humanos, ratos, camundongos, porcos e bovinos (Patel et al., 1994; 
Bell et al., 1995). Em camundongos, as células α expressam o SSTR2 e as células β o SSTR5. 
(Møller et al., 2003) No entanto, em ilhotas pancreáticas de humanos, a isoforma de SSTR2 
predomina tanto em células α quanto em células β (Braun, 2014). 
Os SSTR são acoplados à proteína Gi e sua ativação leva à inibição da AC, reduzindo a 
[AMPc]i e, portanto, a atividade da PKA (Patel et al., 1994). Em células β de humanos, ativação dos 
SSTR resulta em hiperpolarização por ativarem canais de K
+
 retificadores. Além disso, em resposta 
à SST há inibição da entrada de Ca
2+
 através dos canais de Ca
2+
 do tipo L, N, T e P/Q e o hormônio 
inibe diretamente a exocitose mediada por Ca
2+
 em células α e β (Patel, 1999; Gromada, Høy, et al., 
2001; Cervia e Bagnoli, 2007). 
Uma vez que a SST tem ação primariamente inibitória, foi observado que ilhotas de 
camundongos knockout para SST apresentaram aumento da liberação de insulina e glucagon em 
resposta a glicose, agentes despolarizantes e potencializadores da secreção (Hauge-Evans et al., 
2009). Assim, prejuízos tanto na secreção quanto na ação da SST podem contribuir para a 





ação parácrina dos hormônios da ilhota podem contribuir para a manutenção da função do pâncreas 
endócrino e homeostase da glicose. 
 
Fatores de transcrição envolvidos com diferenciação e manutenção dos tipos 
celulares das ilhotas 
Estudos recentes da biologia do desenvolvimento do pâncreas lançaram uma nova luz no 
entendimento do T2DM e a identificação de fatores de transcrição envolvidos na regulação da 
expressão de genes-chave necessários para o pâncreas endócrino durante o desenvolvimento e na 
vida adulta foi fornecida. 
Muitos fatores de transcrição têm sido descritos com papel na ativação da transcrição do 
gene da insulina, sendo o PDX-1 (pancreatic duodenal homeobox gene-1), MafA (V-maf 
musculoaponeurotic fibrosarcoma oncogene homolog A) e NeuroD (Neurogenic differentiation), 
essenciais para o desenvolvimento do pâncreas e das células β. 
 O PDX-1 é um fator chave na regulação do desenvolvimento pancreático quanto da 
diferenciação de células progenitoras em células β (Stoffers, Thomas e Habener, 1997). Esse fator 
de transcrição foi primariamente descrito como regulador da expressão de insulina e SST e, 
posteriormente, foi demonstrado que o PDX-1 também participa da regulação da expressão do 
GLUT-2 (Waeber et al., 1996), do polipeptídeo amilóide (Watada, Kajimoto, Kaneto, et al., 1996) e 
da GCK (Watada, Kajimoto, Miyagawa, et al., 1996). Em células β adultas, o PDX-1 também 
participa da regulação da expressão gênica de insulina estimulada por glicose (Petersen et al., 1998; 
Habener, Kemp e Thomas, 2005). No pâncreas de camundongos adultos, as células δ, as células PP 
e apenas algumas células α expressam PDX-1 (Leonard et al., 1993; Guz et al., 1995). 
Nos estágios embrionários iniciais, MafB (V-maf musculoaponeurotic fibrosarcoma 
oncogene homolog B) é expresso em células que expressam tanto insulina quanto glucagon. No 
entanto, no segundo ciclo de diferenciação, a expressão de MafB é regulada negativamente em 
células que expressam insulina. Logo após o nascimento, a expressão de MafB é restrita 
exclusivamente às células α para controlar a expressão de glucagon (Artner et al., 2006). 
Durante o desenvolvimento do pâncreas, a expressão de MafA é detectada quando se inicia a 
fase principal de produção de células produtoras de insulina, enquanto outros fatores de transcrição 
importantes, tais como PDX-1 e NeuroD são expressos a partir da fase precoce do desenvolvimento 





células no pâncreas, o MafA é expresso apenas em células β e funciona como um potente ativador 
da transcrição do gene da insulina (Kaneto et al., 2009).  
A expressão de NeuroD é observada no desenvolvimento de células do pâncreas  endócrino, 
estômago e intestino (Naya et al., 1997). No pâncreas, a expressão de NeuroD é essencial para a 
sobrevivência e diferenciação de células endócrinas e para a formação adequada de ilhotas 
pancreáticas (Naya et al., 1997). Neurônios maduros do sistema nervoso central (SNC) e ilhotas 
pancreáticas de camundongos adultos continuam a expressar NeuroD, sugerindo um papel funcional 
desse fator de transcrição em células totalmente diferenciadas (Naya et al., 1997) 
Estudos têm mostrado que a fosforilação de NeuroD por ERK1/2 é necessária para a ativação 
da transcrição do gene da insulina em células INS-1 após a estimulação por glicose (Khoo et al., 
2003). A fosforilação de NeuroD também pode influenciar a sua localização celular, sendo 
demonstrado que em células MIN6, o NeuroD se desloca para o núcleo das células em resposta à 
estimulação por glicose (Petersen et al., 2002).  
Embora o gene da insulina seja o alvo mais conhecido do NeuroD no pâncreas, este fator 
também ativa outros genes que são essenciais para o desenvolvimento das células β. O Pax6 (Paired 
box protein 6) é um fator de transcrição envolvido na morfogênese do pâncreas e na diferenciação 
de ilhotas (St-Onge et al., 1997). A superexpressão de NeuroD ativa a região promotora de Pax6 
(Marsich et al., 2003). NeuroD não está apenas envolvido na ativação de Pax6, pois também atua 
em conjunto com Pax6 e cMaf (V-maf musculoaponeurotic fibrosarcoma oncogene homolog) para 
regular a transcrição 7B2 e da pró-hormônio convertase 2, enzimas críticas  para o processamento de 
insulina e glucagon (Katz et al., 2009). 
Camundongos com inibição ou deleção da expressão do Pax6 morrem logo após o 
nascimento (Sander, Neubüser, et al., 1997; St-Onge et al., 1997; Ashery-Padan et al., 2004), sendo 
evidenciado que o pâncreas endócrino desses animais não apresenta células α e apresentam redução 
acentuada do número de células β, δ e PP, indicando, portanto que o Pax6 é crítico para a expressão 
do gene do glucagon e da insulina, assim como à diferenciação e função de células pancreáticas 
endócrinas. A redução da expressão de Pax6 durante o desenvolvimento leva também à redução da 
formação de ilhotas pancreáticas, sugerindo que é necessário um número crítico de células para a 
morfogênese de ilhotas normais. Observações semelhantes foram feitas em um modelo de 
camundongo knockout para Pax6 especificamente no pâncreas, embora o número de células PP e 





Sabe-se que o aumento da expressão de certos fatores de transcrição podem levar à 
conversão de células hepáticas (Ferber et al., 2000), ou células ductais (Bonner-Weir et al., 2008), 
ou mesmo de outros tipos celulares da ilhota em células β (Collombat e Mansouri, 2009). No mesmo 
sentido, já foi demonstrado que após destruição das células β por streptozotocina ocorre regeneração 
de células β e conversão de células α em células β (Thorel et al., 2010). Dessa forma, a manutenção 
e/ou superexpressão de alguns desses fatores de transcrição são de suma importância para a 
morfofunção pancreática endócrina na obesidade e diabetes. 
 
Taurina 
A taurina (Tau) é um aminoácido que está presente em altas concentrações tanto no interior 
das células como no plasma de mamíferos. Esse aminoácido é obtido pela dieta e também 
biossintetizado a partir de metionina e cisteína (Tappaz, 2004). A Tau regula inúmeras ações 
biológicas via regulação de vários tipos de canais iônicos, transportadores e enzimas  (Huxtable, 
1992; Satoh e Sperelakis, 1998; Palmi et al., 1999).  
A suplementação com Tau aumenta tolerância à glicose e sensibilidade à insulina (Ribeiro et 
al., 2009). Em ratos desnutridos a Tau melhora a secreção de insulina em resposta aos nutrientes e à 
agentes potencializadores da secreção (Batista et al., 2013; Vettorazzi et al., 2014b). A 
suplementação com Tau em modelos experimentais de obesidade previne a hiperfagia (Camargo et 
al., 2013) e o acúmulo de gordura (Nardelli et al., 2011; Batista et al., 2013; Vettorazzi et al., 
2014b). 
No pâncreas, a concentração de Tau está compartimentalizada em células da ilhota contendo 
glucagon e SST, sugerindo que a liberação de Tau por estas células exerça uma possível ação 
parácrina sobre as células β (Bustamante, Lobo, Alonso, Mukala, Giné, et al., 2001). 
A concentração de Tau encontra-se reduzida em indivíduos com T1DM (Franconi et al., 
1995). Tendo em vista diversos estudos sobre o efeito benéfico deste aminoácido, ensaios clínicos 
apontam a Tau como uma possível ferramenta terapêutica para doenças como o diabetes (Franconi et 
al., 2004; Tsuboyama-Kasaoka et al., 2006b). Dados clínicos mostram, ainda, que o tratamento 
preventivo com Tau impede a redução da secreção de insulina em homens obesos e submetidos à 
infusão contínua com ácidos graxos por 48h (Xiao, Giacca e Lewis, 2008).  
 No pâncreas, a Tau tem a capacidade de reduzir a taxa de apoptose (El Idrissi, Boukarrou e 
L'amoreaux, 2009; Lin et al., 2013) e atuar na síntese de DNA, propiciando o desenvolvimento 





hipoglicemiantes da Tau estão relacionados a uma possível interação direta do aminoácido com o 
receptor de insulina (Carneiro, Latorraca, Araujo, Beltrá, et al., 2009). Contudo, até o momento não 













































Esse estudo teve por objetivo avaliar o papel da Tau sobre a regulação da homeostase 
glicêmica e morfofunção pancreática endócrina em camundongos geneticamente obesos (ob/ob). 
 
Os resultados obtidos estão apresentados a seguir sob a forma de dois artigos: 
 
1. Taurine supplementation ameliorates glucose homeostasis, prevents insulin and 
glucagon hypersecretion, and controls β, α, and δ-cell masses in obese mice (Submetido para 
American Journal of Physiology – Endocrinology and Metabolism); 
 
2. Taurine supplementation regulates pancreatic islet function in response to 
potentiating agents in leptin-deficient obese mice (Aceito para publicação Advances in 

































TAURINE SUPPLEMENTATION AMELIORATES GLUCOSE HOMEOSTASIS, PREVENTS 
INSULIN AND GLUCAGON HYPERSECRETION, AND CONTROLS β, α, AND δ-CELL 
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Taurine (Tau) regulates β-cell function and glucose homeostasis under normal and diabetic 
conditions. Here, we assessed the effects of Tau supplementation upon glucose homeostasis and the 
morphophysiology of endocrine pancreas, in leptin-deficient obese (ob) mice. From weaning until 
90-day-old, C57Bl/6 and ob mice received, or not, 5% Tau in drinking water (C, CT, ob and obT). 
Obese mice were hyperglycemic, glucose intolerant, insulin resistant, and exhibited higher hepatic 
glucose output. Tau supplementation did not prevent obesity, but ameliorated glucose homeostasis 
in obT. Islets from ob mice presented a higher glucose-induced intracellular Ca
2+
 influx, NAD(P)H 
production and insulin release. Furthermore, α-cells from ob islets displayed a higher oscillatory 
Ca
2+
 profile at low glucose concentrations, in association with glucagon hypersecretion. In Tau-
supplemented ob mice, insulin and glucagon secretion was attenuated, while Ca
2+
 influx tended to 
be normalized in β-cells and Ca
2+ 
oscillations were increased in α-cells. Tau normalized the 
inhibitory action of somatostatin (SST) upon insulin release in the obT group. In these islets, 
expression of the glucagon, SST, GLUT-2 and TRPM5 genes was also restored. Tau also enhanced 
MafA, Ngn3 and NeuroD mRNA levels in obT islets. Morphometric analysis demonstrated that the 
hypertrophy of ob islets tends to be normalized by Tau with reductions in islet and β-cell masses, 
but enhanced δ-cell mass in obT. Our results indicate that Tau improves glucose homeostasis, 
regulating β-, α-, and δ-cell morphophysiology in ob mice, indicating that Tau may be a potential 
therapeutic tool for the preservation of endocrine pancreatic function in obesity and diabetes. 
 







Obesity is a chronic metabolic disorder that predisposes to the development of insulin 
resistance and type 2 diabetes (T2D) (30).Pancreatic islets are heterogeneous cell aggregates that 
contain β, α, δ, ε and pancreatic polypeptide (PP) cells (9). Pancreatic β and δ-cells release insulin 
and somatostatin (SST), respectively, in response to an increase in blood glucose (23, 26). However, 
α-cells secrete glucagon when glycemia decreases, preventing the hypoglycemia that can occur in 
the fasting state (46). Although, the establishment of T2D is often associated with β-cell 
dysfunction, in parallel with the lower insulin action (11), impairments in α and δ-cell functions also 
contribute to glucose homeostasis disruption in this disease (24, 60, 62). Among the situations in 
which β, α and δ-cell dysfunction may manifest (11, 62), disruption of the paracrine interactions 
between insulin, SST and glucagon within the islet can seriously compromise absolute and pulsatile 
islet secretory function, impairing glucose homeostasis (25, 46, 60).  
Taurine (Tau) is an amino acid involved in several biological processes (50). Tau 
supplementation prevents the development of obesity (41, 58) and ameliorates glycemia, the action 
of insulin, and dyslipidemia in T2D (5, 33, 41, 58). Tau regulates insulin secretion, improving islet 
Ca
2+
 handling, in response to high glucose concentrations (10, 47). In diet-induced obesity, Tau 
treatment prevents hyperinsulinemia (5, 48, 61), insulin hypersecretion and islet hypertrophy (48). 
However, in pancreatic islets, Tau is concentrated mainly in the α and δ-cells (8), which indicates 
that this amino acid may also regulate glucagon secretion. Here, using leptin-deficient obese (ob) 
mice that display morbid obesity (36), insulin resistance, and insulin hypersecretion (12, 57), we 
assessed the effects of Tau supplementation upon obesity, glucose homeostasis, and islet-cell 
morphophysiology. Tau treatment prevented insulin and glucagon hypersecretion, and ameliorated 





cell mass, regulated Ca
2+
 handling in β and α-cells, and modified the expression of transcription 
factors and genes that participate in islet morphofunction.  
 
Materials and Methods  
Experimental Groups  
All experimental procedures were developed in accordance with the ethics committee in 
animal experimentation, UNICAMP (certificate nº.:  2018-1). From weaning to 90 days of age, male 
C57Bl/6 (C group) or leptin-deficient obese (ob) mice were distributed into four groups: C; C that 
received 5% Tau (48) in their drinking water (CT); ob or obT. All mice groups were maintained on a 
12h light–dark cycle (lights 8:00-20:00h) with controlled humidity and temperature (21 ± 2ºC), and 
allowed free access to standard laboratory chow (Nutrilab, Colombo, PR, BRA) and water. 
 
Obesity Evaluation and Biochemical Nutritional Parameters 
At the end of the supplementation period, the final body weight (BW) and nasoanal length 
were measured in all mice groups to obtain the Lee index [from the ratio of BW(g)
1/3
/nasoanal 
length (cm).1000] (6). Afterwards, mice were euthanized and the retroperitoneal and perigonadal fat 
pads were collected and weighed. Blood samples were collected and the plasma was used for insulin 
and glucagon measurement by radioimmunoassay (RIA) (49). Plasma glucose concentrations were 
measured using a glucose analyzer (Accu-Chek Perfoma, Roche Diagnostic, Switzerland). Total 
cholesterol (CHOL), triglycerides (TG) and non-esterified fatty acids (NEFAs) levels were 
measured using standard commercial kits, according to the manufacturer’s instructions 
(Roche/Hitachi®; Indianopolis, USA, and Wako®; Richmond, USA, respectively). 
 





Plasma-free amino acids were extracted with 80% methanol and 0.1 M HCl and derivatized 
with phenylisothiocyanate [waters pico-tag for free amino acids (WAT0 10954)] and the PTH-
derivatives were chromatographed using a Pico Tag C-18, 3.9 x 300 mm (Pico-tag for free amino 
acid analysis, Waters, Ireland)  at  41°C. The mixture was sonicated for 10 min and further 
homogenized for 1h, followed by centrifugation at 21 000 g for 15 min. The supernatant was filtered 
through a molecular filter with a cut-off of 3KDa and a 40 µL derivatized aliquot was separated by 
chromatography in an HPLC system (SCL-10avp, CTO10avp, SPDm10avp; Shimadzu Scientific 
Instruments, Columbia, MD, USA) with CLASS-VP 6.12 software. An amino acid standard solution 
was derivatized and analyzed together with the samples and methionine sulfone was used as an 
internal control. 
 
Intraperitoneal Glucose (ipGTT), Insulin (ipITT) and Glucagon (ipGluTT) Tolerance Tests 
For ipGTT, 8h-fasted mice received an ip injection of 2 g/kg BW glucose. Blood samples 
from the tip of the tail were collected before (time 0) and at 15, 30, 60, 120 and 180 min after 
glucose administration for glycemia measurement using a glucose analyzer (Accu-Chek Performa, 
Roche Diagnostic®, Switzerland). For the ipITT, fed ob and obT mice received an ip injection of 10 
U/kg BW human insulin; however for the C and CT groups, 2 U/kg BW human insulin were 
administered (Humulin® R, Lilly’s, São Paulo, SP, BRA). Blood samples were also collected before 
insulin injection (time 0) and 10, 15, 30 and 60 min after insulin administration for plasma glucose 
concentration analysis. For the ipGluTT, blood glucose levels (time 0) were measured in 8h-fasted 
mice. Subsequently, all mice groups received via ip an injection of 100 µg/kg BW glucagon, and 
additional blood samples were collected at 5, 10, 20, 40 and 60 min (5). 
 





Islets were isolated by collagenase digestion of the pancreas. For insulin and glucagon static 
secretion experiments, groups of four or fifteen islets, respectively, were incubated for 30 min at 
37°C in Krebs–Ringer bicarbonate (KRB) buffer containing 115 mM NaCl, 5 mM KCl, 10 mM 
NaHCO3, 2.56 mM CaCl2, 1 mM MgCl2 and 15 mM HEPES, supplemented with 5.6 mM glucose 
plus 0.3% BSA (Sigma Chemical, St Louis, MO, USA), pH 7.4 and continuously gassed with 95% 
O2/5% CO2. This medium was then replaced with fresh buffer and the islets were incubated for a 
further 1h under the following conditions for insulin release evaluation: 2.8, 5.6, 11.1 or 22.2 mM 
glucose; and for glucagon secretion assessment: 5.6 and 0.5 mM glucose. At the end of the 
incubation period, the insulin content of the medium was measured using human insulin 
radiolabeled with 
125
I (Genesis, São Paulo, SP, BRA) by RIA, as previously reported (49). Glucagon 
was measured following the manufacturer’s instructions by RIA kit (Merck, Millipore, Darmstadt, 
Germany). For islet insulin or glucagon content, groups of 4 or 15 islets, respectively, were collected 
and transferred to tubes containing 1 mL deionized water, and the islet-cells were homogenized 









]i) recordings, islets were incubated in KRB 
medium containing 5.6 mM glucose at 37
o 
C for 2h. During the last hour of incubation, islets were 
loaded with 5 µM of the Ca
2+
-sensitive dye Fura-2 acetoxymethylesther (AM). Afterwards, single 
islets were placed inside a thermostatically-regulated chamber (37
o 
C) over poly-L-lysine-treated 
glass coverslips and perifused with a BSA-free KRB buffer containing 11.1 mM glucose as 
indicated in the figure legends. Fura-2AM loaded islets were imaged using an inverted 
epifluorescence microscope (Nikon Eclipse TE200, Tokyo, Japan). A ratio image was acquired 





wheel equipped with 340 nm, 380 nm and 10 nm bandpass filters, and a range of neutral density 
filters (Photon Technology International, NJ, USA). Data were acquired using the Image Master 
version 5.0 software (Photon Technology International, NJ, USA) (10).  
For Ca
2+
 oscillation recordings in α-cells, isolated islets were incubated with 5 µM Fluo-4 for 
1h at room temperature. Islets were placed in a chamber mounted on the microscope stage and 
perifused with a KRB medium containing 0.5 or 5.6 mM glucose. Low glucose concentrations 
induce regular Ca
2+
 oscillations in α-cells that are inhibited by high glucose concentrations (40, 45). 
This typical pattern has been used to identify α-cells within the islet. To analyze these Ca
2+
 
oscillations, individual cells identified at the periphery of the freshly isolated islets were monitored 
using a Zeiss LSM 510 laser confocal microscope (Zeiss, Oberkochen, Germany). The Ca
2+
 probe 
was excited at 488 nm and emission was collected with a band-pass filter at 505–530 nm from an 
optical section of 8 µm. Images were collected at 2 s intervals and treated with a low pass filter (40, 
45). 
 
Measurement of NAD(P)H and mitochondrial membrane potential (Δψm) 
The autofluorescence for NAD(P)H and the Δψm were monitored in freshly isolated islets 
from all groups of mice, in response to increasing glucose concentrations (0.5 to 22.2 mM glucose), 
using an inverted epifluorescence microscope (Axiovert 200; Zeiss, Jena, Germany). Images were 
acquired with an extended C4742-95 digital camera (Hamamatsu Photonics, Barcelona, Spain) using 
10-nm band-pass filters (Omega Optics, Madrid, Spain). NAD(P)H autofluorescence was excited 
with a 360 nm band-pass filter and emission was filtered at 445 ± 25 nm. An image was acquired 
every 60 s using ORCA software (Hamamatsu Photonics, Barcelona, Spain). The electrical potential 





pre-loaded with 10 µg/mL Rhod-123 for 20 min and an image was acquired every 30 s using 
conventional fluorescein filters and ORCA software (Hamamatsu Photonics, Barcelona, Spain) (44). 
 
Pancreas morphometry and immunohistochemistry 
For morphometric analyses, pancreases from all groups of mice were removed, weighed, 
fixed for 16h in Bouin’s solution and routinely embedded in paraplast® (Sigma Chemical, St Louis, 
MO, USA). From each block, exhaustive 5 µm serial sections were obtained (every 20
th
 section) and 
randomly selected for insulin, glucagon and the SST immunoperoxidase reaction. For 
immunohistochemistry, the paraplast was removed; the sections were rehydrated and washed with 
0.05 M Tris– saline buffer (TBS) pH 7.4, and incubated with TBS containing 0.3% H2O2 for 
endogenous peroxidase activity blockade and permeabilized for 1h with TTBS (0.1 % Tween® 20 
and 0.5% fat free milk in TBS). The sections were incubated overnight with a polyclonal guinea pig 
anti-insulin (1:100; Dako North America, Inc., CA, USA), or rabbit anti-glucagon (1:50; Dako 
North America, Inc., CA, USA) or goat anti-SST (1:50; Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA, USA) antibody at 4°C. Subsequently, the sections were incubated with rabbit anti-guinea-pig 
IgG, or goat anti-rabbit or rabbit anti-goat conjugated antibody with HRP for 1h and 30 min 
(1:1500; Zymed Laboratories, Inc., San Francisco, CA, USA). The positive insulin, glucagon or SST 
cells were detected with diaminobenzidine (DAB; Sigma Chemical, St Louis, MO, USA) solution 
(10% DAB and 0.2% H2O2 in TBS). Finally, the sections were quickly stained with Ehrlich’s 
hematoxylin and mounted for observation by microscopy. All islets present in the sections were 
covered systematically by capturing images with a digital camera (Nikon FDX-35) coupled to a 
Nikon Eclipse E800 microscope (Nikon, Tokyo, Japan). The islet, β, α and δ-cell and section areas 





masses were calculated by multiplying the pancreas weight by the total islet or β, or α or δ-cell area 
per pancreas section (48). 
 
Quantitative real-time PCR 
Total RNA from all groups of islets was isolated using the RNeasy Plus Mini kit (Qiagen, 
Hilden, Germany) and the RNA concentration was measured in a NanoDrop 2000 
spectrophotometer (Thermo Scientific, Waltham, MA, USA). cDNA was synthesized from 500 ng 
RNA using the high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, 
USA). Quantitative PCR reactions were performed using the CFX96 Real Time System (Bio-Rad, 
Hercules, CA, USA). Reactions were carried out in a final volume of 10 μL, containing 200 nM 
primers, 1 μL cDNA and iQ™ SYBR® Green supermix (Applied Biosystems, Foster City, CA, 
USA). Samples were subjected to the following thermal cycler conditions: 10 min at 95ºC, 45 cycles 
(10 s at 95 ºC, 7 s at 60 ºC, 15 s at 72 ºC) and melting curve from 65 to 95ºC with a slope of 0.1ºC/s. 
Primer sequences used for mice genes are provided in table 1. The resulting values were analyzed by 
CFX Manager version 1.6 software (Bio-Rad, Hercules, CA, USA). The relative mRNA levels were 
determined by the 2
-ΔΔCt




Results are presented as means ± SEM for the number of independent experiments (n) 
indicated. The area under the curve (AUC) was calculated by trapezoidal integration using 
GraphPad Prism® version 5.00 for Windows (San Diego, CA, USA). Data were analyzed by two-





3.5 for Windows (Jandel Scientific Software Inc., San Jose, CA, USA). The level of significance 
was set at P ≤ 0.05. 
 
Results 
Obesity evaluation and general nutritional features  
Final BW and Lee index were 73% and 19% higher in 90-day-old male ob mice, compared 
with C mice (P < 0.0001; Tab. 2). In addition, ob mice displayed a substantial fat accumulation with 
approximately 7-fold higher retroperitoneal and perigonadal fat stores, compared with the C group 
(P < 0.0001; Tab. 2). The body weight, Lee index, retroperitoneal and perigonadal fat stores were 
similar in the obT and ob mice (Tab. 2).  
In addition, ob mice were hyperglycemic and hyperinsulinemic under fasting and fed 
conditions, compared with C mice (P < 0.01 and P < 0.002; Tab. 3).  The ob group presented an 
increase of 69% in plasma CHOL levels (P < 0.001), but reduced plasma NEFA concentrations in 
the fasting state, in comparison with the C mice (P < 0.05; Tab. 3). In obT mice, blood glucose 
levels, in the fed state, and insulinemia in both the fed and fasted states, were normalized (Tab. 3). 
Whereas, an increase in plasma CHOL levels under fed conditions and higher fasting NEFA plasma 
concentrations were observed in obT mice, compared with the ob group (P < 0.01 and P < 0.03; Tab. 
3). Under fasting conditions, no alterations in plasma glucagon levels were observed between groups 
(Tab. 3). Tau plasma levels were increased by 116% and 104% in fasted obT and CT mice, 
compared with their respective controls (P < 0.01 and P < 0.02, respectively; Tab. 3). 
 
Glucose homeostasis 
At 90 days of age, mice of all groups were submitted to an ipGTT. After glucose 





obT mice (Fig. 1A). In the ob group, hyperglycemia initiated at 30 min and persisted until 120 min 
(P < 0.001; Fig. 1A).  Tau supplementation decreased glycemia at 60 min in obT, compared with ob 
mice (P < 0.005). However, CT mice presented a higher blood glucose at 30 and 60 min of the 
ipGTT, compared with values found in the C group (P < 0.04 and P < 0.05, respectively; Fig. 1A). 
Total plasma glucose levels (AUC), during ipGTT, were 1.8-fold higher in ob than in C mice (P < 
0.0001; Fig. 1B). Tau supplementation improved glucose tolerance in obT, with a reduction of 36% 
in the total glycemia, compared with ob mice (P < 0.0001; Fig. 1B). 
During the ipITT, ob mice displayed enhanced blood glucose compared with C mice (Fig. 
1C), indicating an impaired insulin action, as confirmed by an increase of 124% in the total 
glycemia in ob compared with the C mice, during the test (P < 0.0001; Fig. 1D). Tau treatment 
improved the insulin action in obT mice, decreasing the AUC of the ipITT by 27%, in comparison 
with ob mice (P < 0.001; Fig. 1D). 
Hepatic glucose production was also assessed by an ipGluTT. Fasted ob mice showed higher 
glycemia after glucagon administration (Fig. 1E), exhibiting an exacerbation in hepatic glucose 
mobilization, since the total glycemia during the test was 97% higher in ob than in C mice (P < 
0.001; Fig. 1F). A reduction of 39% in hepatic glucose production was observed in obT mice, when 




 handling and glucose metabolism in β-cells 
To evaluate β-cell function, isolated islets from mice of all groups were exposed to 
increasing glucose concentrations (Fig. 2A). Islets from ob mice secreted higher amounts of insulin 
at all glucose concentrations, compared with C islets (P < 0.001). Tau supplementation normalized 
insulin secretion in obT at 2.8 and 22.2 mM glucose, and significantly reduced secretion at 5.6 and 





< 0.001 and P < 0.0001, respectively; Fig. 2A). In addition, when ob islets were incubated with 2.8 
mM glucose and 100 nM SST, no alterations in insulin secretion were observed (Fig. 2B). In 
contrast, obT islets presented a 39% reduction in insulin release in response to 100 nM SST (P < 
0.03; Fig. 2B). However, the higher content of insulin in the ob islets (130% higher than C islets; P 
< 0.0001) was not altered by Tau treatment. It is, therefore, plausible that the lower insulin secretion 
in obT is due to a better responsiveness to SST in these islets. 
Figures 3A-F show cytoplasmic Ca
2+
 oscillations, in response to 11.1 mM glucose, in islets 
isolated from all groups of mice. The switch from 2.8 to 11.1 mM glucose produced a typical pattern 
of glucose-induced cytoplasmic Ca
2+
 influx, which was characterized by an initial small decrease, 
followed by an abrupt and sustained increase, and subsequent oscillations that varied among the 
groups (Fig. 3A, 3B, 3D and 3E). Islets from ob mice presented a higher Ca
2+
 influx, induced by 
11.1 mM glucose, as shown by the higher AUC and amplitude of cytoplasmic Ca
2+
, when compared 
with C islets (P < 0.0001; Fig. 3E and 3F); in contrast, ob islets did not present Ca
2+
 oscillations in 
response to glucose (Fig. 3C). Tau treatment decreased the total Ca
2+
 influx, compared with the ob 
group (P < 0.0001; Fig. 3E), and normalized the amplitude of [Ca
2+
]i in obT islets, without restoring 
the typical oscillatory Ca
2+
 flux (Fig. 3F). 
We subsequently measured NAD(P)H production to verify whether an alteration in glucose 
metabolism contributes to the increased islet glucose responsiveness in the ob group. At lower levels 
of glucose (0.5 to 5.6 mM), NAD(P)H values were higher in ob islets (Fig. 3H). Stimulatory glucose 
concentrations (11.1 to 22.2 mM), raised NAD(P)H autofluorescence in islets from all groups, but 
NAD(P)H was higher in ob, compared with C islets (P < 0.02; Fig. 3I). NAD(P)H values were 
similar for the ob and obT islets (Fig. 3H and 3I). 
Mitochondrial ATP synthesis is dependent upon Δψm (42). We explored this parameter by 





glucose leads to a proportional fall in the intensity of Rhod123 fluorescence (Fig. 3G), which 
reflects the mitochondrial hyperpolarization, attributable to matrix proton extrusion (54). Tau 
treatment did not alter Δψm, under basal and stimulatory glucose concentrations, in both C and ob 





Glucagon secretion and Ca
2+
 handling in α-cells 
It is known that dysfunction of the α-cells also contributes to the disruption of glucose 
homeostasis in T2D (62). Therefore, we investigated α-cell function in islets of all groups (Fig. 4). 
Ob islets secreted high amounts of glucagon at a low glucose concentration (0.5 mM) (P < 0.005). 
At 5.6 mM glucose, glucagon secretion tends to be lower in ob, compared with C and CT islets. At 
this glucose concentration, ob secreted significantly less glucagon than obT (P < 0.02; Fig. 4A); 
however, at 0.5 mM glucose, obT secreted significantly less glucagon than ob (P < 0.001), and 
similar glucagon concentrations to those observed for C and CT islets. No differences in the total 
glucagon content were observed in islets from all groups (Fig. 4B). Augmented glucagon release, at 
0.5 mM glucose, was accompanied by higher Ca
2+
 oscillations in ob, compared with C islets (P < 
0.0001; Fig. 5D and 5A, respectively). Although there was no difference in glucagon secretion, an 
increase in Ca
2+
 oscillations was also observed in CT, compared with C, and in obT compared with 
C and ob islets (P < 0.0001; Fig. 5A and 5C). The numbers of Ca
2+
 oscillations in α-cells, at 5.6 mM 
glucose, were 23% lower in obT (Fig. 5E), compared with ob islets (P < 0.01; Fig. 5D and 5F).  
 
Pancreatic islet Morphometry 
Table 4 shows a morphometric analysis of the pancreases from mice of all groups. The 





from ob were hypertrophic with increased β-cell and α-cell areas, compared with the C islets (P < 
0.0001; Tab. 4). In addition, islet, β and α-cell masses were higher in the ob pancreas (P < 0.001; 
Fig. 6). Tau-supplemented ob mice demonstrated reductions of 61% and 52% in islet and β-cell 
areas, respectively, compared with ob (P < 0.0001); however, Tau supplementation did not alter the 
α-cell area, which remained similar to that of ob mice and higher than that of C islets (P < 0.05; Tab. 
4). In terms of mass, Tau supplementation reduced islet and β-cell masses by 47% and 53%, 
respectively, compared with those of ob mice (P < 0.0001; Fig. 6M and 6N). In obT islets, the α-cell 
mass was higher than those of C and CT, and similar to that of ob (P < 0.0001; Fig. 6O). 
Additionally, Tau treatment increased the δ-cell area in CT and δ-cell mass in the obT pancreas (P < 
0.04; Tab. 4 and Fig. 6P).  
 
Gene expression 
Insulin mRNA expression was enhanced in ob islets, compared with C islets (P < 0.001; Fig. 
7A), whereas glucagon, SST, GLUT-2, transient receptor potential melastatin 5 (TRPM5), SST 
receptor (SSTR) 2 genes and MafB (V-maf musculoaponeurotic fibrosarcoma oncogene homolog B) 
were downregulated in ob, compared with C islets (P < 0.05; Fig. 7B-7F). In contrast, ob islets 
presented upregulation of paired box (Pax)-6, pancreatic and duodenal homeobox factor (PDX)-1 
and neurogenin (Ngn)-3 mRNAs (P < 0.0001; Fig. 7H-J). The expression of insulin, SST, Pax-6, 
and PDX-1 genes was not modified in obT, compared with islets from the ob group (Fig. 7A and 
7C). But, glucagon, GLUT-2 and TRPM5 gene expressions were restored in obT islets (Fig. 7B, 7D 
and 7E). In addition, obT islets expressed higher MafA (V-maf musculoaponeurotic fibrosarcoma 
oncogene homolog A), Ngn3 and NeuroD (Neurogenic differentiation 1, also called β2) mRNAs (P 
< 0.05; Fig. 7G, 7J and 7L). Tau supplementation also enhanced the expressions of SST, Pax-6, 







Obesity predisposes to several chronic diseases such as T2D (30). In this disease insulin 
resistance is the main factor, but pancreatic islet dysfunction also contributes to the disruption of 
body glucose homeostasis (11, 60, 62). Therefore, to prevent or treat T2D, strategies for the 
regulation of the endocrine pancreatic cell populations must be developed to maintain adequate β, α 
and δ-cell physiology and its paracrine interactions to preserve normal body glucose control. 
Our study demonstrated that Tau supplementation does not prevent the development of 
obesity in ob mice, but ameliorates glucose homeostasis. This effect was associated with reductions 
in islet hypertrophy, β and α-cell hypersecretion, and β-cell mass. In addition, Tau treatment 
enhances α and δ-cell masses, modifies Ca
2+
 handling in α and β-cells, normalizes the expression of 
glucagon, GLUT-2 and TRPM5 channel genes, and enhances MafA, Ngn3 and NeuroD mRNAs in 
obT islets.   
Although Tau supplementation did not prevent obesity in ob mice, as previously reported 
(41, 58), better glucose tolerance, insulin action and lower glucagon-induced hepatic glucose output 
were observed in the obT group (Fig. 1). Tau improves glucose control in pre- and diabetic 
conditions (5, 33, 58, 61), and this effect may be due to the interaction of the amino acid with the 
insulin receptor (10, 39), enhancing Akt activation in different insulin target tissues (4, 5, 15, 48). 
This kinase reduces the production of glucose by the liver, through inhibition of glycogen synthase 
kinase-3 and forkhead box protein-1 enzymes (37, 52). 
We show here that Tau can ameliorate glucose homeostasis by regulating islet-cell 
morphology and function. Pancreatic islets from adult ob mice displayed an altered β-cell threshold 
for glucose-induced release and higher insulin secretion under basal and stimulatory glucose 





alterations are concomitant with abnormal cytoplasmic Ca
2+
 oscillations, probably due to the lower 
expression of the TRPM5 cation channel (13). The ob pancreas also presents morphological 
alterations with severe islet hypertrophy (57). Several of these features were found in our study, and 
we also observed higher NAD(P)H production (Fig. 3G), despite a reduced expression of GLUT-2 
mRNA, which is indicative of an early dysfunction of glucose utilization in β-cells (Fig. 7D). As 
such, a decreased expression of the GLUT-2 gene may occur in T2D and is associated with reduced 
β-cell responsiveness to glucose (29, 43). 
Tau supplementation prevented insulin hypersecretion and hyperinsulinemia in obT mice, 
decreasing islet Ca
2+
 influx and normalizing the expression of the GLUT-2 and TRPM5 cation 
channel genes. The TRPM5 is a monovalent cation-permeable channel expressed in pancreatic β-
cells that is activated by [Ca
2+
]i and causes membrane depolarization by Na
+
 influx (59). The lack of 
TRPM5 in β-cells leads to glucose intolerance due to reduced insulin secretion in mice (14). 
Unfortunately, although we did not observe any restoration of Ca
2+
 oscillations in response to 
glucose in the obT islets (Fig. 3E), the normalization of GLUT-2 and TRPM5 transcripts may delay 
the onset of β-cell dysfunction in the obT group. 
Tau supplementation may prevent alterations or restore endocrine pancreatic mass in 
malnutrition (7), obesity (48), type 1 diabetes (2) and T2D (34). In these pre- and diabetic 
conditions, Tau seems to protect pancreatic islets against oxidative stress and cytokines (2, 7, 34). 
Our study also revealed that Tau prevents islet hypertrophy (Tab. 4), and the increase in islet and β-
cell mass in the obT pancreas (Fig. 6), but enhances δ-cell mass (Fig. 6P), and β-cell responsiveness 
to SST (Fig. 2B). Tau also increased δ-cell area and SST mRNA content in CT islets (Tab. 4 and 
Fig. 7C). These findings support the idea that Tau enhances the SST paracrine action in islets from 





In mice α and β-cells, SST is known to decrease hormone secretion mainly through SSTR2 
and SSTR5, respectively (56). However, in human islets, SSTR2 predominates in α and β-cells (31). 
In human β-cells, SST causes hyperpolarization through the activation of G protein-gated inwardly 
rectifying K
+
 channels. In addition, the SSTR2 hormone inhibits Ca
2+
 influx through voltage-gated 
P/Q-type Ca
2+
 channels, and directly inhibits Ca
2+
-dependent exocytosis in α and β-cells (18, 19, 
31). Insulin and glucagon hypersecretion, and impaired glucose-induced suppression of glucagon 
release have been reported in SST knockout mice (24). Decreased SST secretion may be a 
compensatory mechanism by which the body attempts to overcome insulin-resistance in T2D. 
Accordingly, we observed that ob islets did not respond to SST (Fig. 2B) and presented lower 
expression of SST and SSTR2 genes (Fig. 7C and 7F), without any alteration in δ-cell pancreatic 
mass (Fig. 6). These results indicate that islet hypersecretion in ob islets is associated with a lower 
paracrine inhibitory action of SST upon β and α-cells. 
In α-cells, low concentrations of glucose induce electrical activity, Ca
2+
 oscillations and 
glucagon secretion, but all these events are inhibited when glucose levels are raised (46). However, 
in T2D, impaired α-cell responsiveness to glucose and glucagon hypersecretion may occur, 
aggravating the disruption of body glucose control (60, 62). Here, in response to low glucose, α-
cells from ob mice hypersecreted glucagon, likely due to a higher frequency of cytoplasmic Ca
2+
 
oscillations (Fig. 4A and 5D). Furthermore, an impaired α-cell electrical activity was evidenced in 




In pancreatic islet-cells, Tau co-localized with glucagon and SST positive cells (8), however, 
the effects of Tau on δ-cells of pancreatic islets have not been previously reported. It has been 





increased Tau concentrations in the islet milieu may regulate δ-cell secretion and mass, preventing 
alterations in glucagon secretion in obT (Fig. 4A and 7B).  
Several transcription factors are involved in pancreas development and islet-cell 
differentiation and function. The PDX-1 and MafA transcription factors regulate insulin gene 
expression (32). Exposure of β-cells to high glucose or fatty acid decreased DNA binding activities 
of these transcription factors (21, 32, 55). In addition, MafA knockout mice become diabetic due to 
a lower insulin secretion, in association with reductions in insulin, PDX-1, NeuroD1, and GLUT-2 
transcripts (65). In db/db mice islet nuclear MafA expression was markedly decreased with age and 
was not detected during senescence (38). Here, increased PDX-1gene expression in ob islets may 
account for the enhanced insulin mRNA content and β-cell mass, as previously demonstrated in 
PDX-1 haploinsufficient mice (28). However, it is possible that a non-compensatory increase in 
MafA mRNA in ob islets impairs GLUT-2 expression. As such, the increase in MafA transcripts 
induced by Tau supplementation contributes to maintaining normal GLUT-2 mRNA expression in 
obT islets and, together with an enhancement in NeuroD gene expression (Fig. 7L), maintains the 
normal β-cell sensitivity to glucose and insulin release (20). 
Paired box 6 is also a transcription factor that plays a critical role in regulating the 
development and the function of the pancreas. When the different endocrine cell types of the islet 
are defined, Pax-6 expression is necessary to control the precise expression of glucagon, insulin, 
SST and PP hormones (53). In the β-cell, Pax-6 directly regulates the expression of prohormone 
convertase (PC) 1/3, a serine protease involved in proinsulin processing (63), and also controls the 
transcription of the insulin, PDX-1, MafA and GLUT-2 genes (16). Furthermore, Pax-6 is crucial for 
glucagon biosynthesis through the direct and indirect controls of the proglucagon and PC2 genes, 
respectively. Pax-6 controls the expression and activation of the promoter regions of the MafB, 





from 6-month-old mice reduced the number of insulin, glucagon, SST, PDX-1, GLUT-2 and PC 1/3 
positive cells (22). In addition, MafB is a transcript factor found in adult α-cells and regulated 
glucagon gene expression (3). In this way, decreased glucagon mRNA content in ob islets (Fig. 7B) 
is associated with lower MafB mRNA (Fig. 7M). Our data suggest that increased α-cell mass and 
SST mRNA in CT islets is partly due to high Pax-6 expression in this group (Fig. 6O, 7C and 7H).  
Additional islet-associated transcription factors were modulated by Tau, preventing this 
alteration in the obT group (Fig. 7). Ngn3 is a transcript factor that can suppress exocrine fate and 
promote endocrine fate during both embryogenesis and during adulthood in differentiated acinar 
cells (51). Ngn3 binds directly to the promoters of the β-cell transcription factors NeuroD and Pax-4, 
promoting differentiation of progenitor cells in the β-cell lineage (27).  After three days of 
pancreatic ductal ligation, Ngn3 mRNA expression increases in the pancreas of mice, leading to 
enhancements in insulin content and β-cell mass (64).  
It is also supposed that the exocrine cells of the pancreas can undergo transdifferentiation 
into the endocrine lineage, since co-expression of Ngn3, PDX-1 and MafA in the mouse pancreas 
transforms exocrine cells into β-cells (66). In addition, this transcript factor also regulates the 
endocrine fate of other islet-cells, since in adult mice, Ngn3 overexpression promotes δ-specification 
from acinar pancreatic cells, whereas the combination of Ngn3 and MafA genes induce α-cell 
lineage (35). Taken together, while Ngn3 regulation is complex and depending of several 
transcriptional and post- transcriptional regulators (51), our results indicate that Tau 
supplementation enhances δ-cell area in the CT and mass in obT, increasing Ngn3 mRNA 
expression (Fig. 7J). 
Collectively, our results indicate that Tau supplementation ameliorates glucose homeostasis 
in ob mice displaying a central action in the regulation of endocrine pancreatic cells. The prevention 





SST, reduced islet Ca
2+
 handling and β-cell mass in the pancreas. Tau maintained normal gene 
expression of GLUT-2, in association with an increase in the transcription of MafA gene. Tau also 
prevented α-cell hypersecretion in obT islets, an effect that was associated with an improved α-cell 
oscillatory Ca
2+
 profile in response to low and high glucose concentrations. Additionally, SST and 
the δ-cell area were enhanced in islets from CT mice, which could be due at least in part to higher 
Pax-6 and Ngn3 gene expressions. Enhanced δ-cell mass in the obT pancreas is partly due to the 
higher Ngn3 mRNA promoted by Tau. These data suggest that Tau may prevent glucagon and 
insulin compensatory hypersecretion in obesity and T2D, by maintenance of at least SST paracrine 
interactions in the endocrine pancreas.  
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Figure 1. Tau supplementation ameliorates glucose homeostasis in ob mice.  
Changes in blood glucose during the ipGTT (A), ipITT (C) and ipGluTT (E). Total plasma glucose 
concentrations during ipGTT (B), ipITT (D) and ipGluTT (F) expressed by the AUC. Data are 
means ± SEM (n = 5-8 mice). Different letters over the bars represent significant differences (Two-
way ANOVA followed by Holm-Sidak post test, P ≤ 0.05).   
 
Figure 2. Tau supplementation prevented insulin hypersecretion in ob islets, enhancing β-cell 
responsiveness to SST. 
Static insulin secretion in response to increasing glucose (G) concentrations (A), or at 2.8 mM 
glucose with or without 100 nM SST (B), and total islet insulin content (C) in isolated islets from 
90-day-old male C, CT, ob and obT mice. Groups of 4 islets of similar sizes were incubated for 1h 
under different stimuli, as indicated in the figure. Each bar represents mean ± SEM (n = 12-24). 
Different letters over the bars represent significant differences (Two-way ANOVA followed by 
Holm-Sidak post test, P < 0.05).  *Indicates a significant difference compared with obT islets 
incubated at 2.8 mM glucose (P ≤ 0.05). 
 
Figure 3. Tau partially decreases glucose-induced Ca
2+
 influx, but does not alter NAD(P)H 
production and ΔΨm in ob islets.  
Representative curves of 11.1 mM glucose-induced intracellular Ca
2+
 oscillations in islets from C 
(A), CT (B), ob (D) and obT (E). The AUC (C) and amplitude (F) of [Ca
2+
]i in response to 11.1 mM 
glucose. The experiments were performed in a perifusion system in a medium that contained 2.8 or 
11.1 mM glucose (G2.8 and G11.1, respectively). Changes in Δψm (G) and NAD(P)H fluorescence 
(H) in response to increasing glucose concentrations (as indicated by horizontal bars) in islets from 
C, CT, ob and obT mice. Total NAD(P)H production, expressed as AUC (I) in C, CT, ob and obT 
islets. Different letters over the bars indicate significant differences (Two-way ANOVA followed by 







Figure 4. Tau supplementation prevents α-cell hyperfunction in ob islets.  
Glucagon secretion (A) and total glucagon content (B) in islets from 90-day-old male C, CT, ob and 
obT mice. Groups of 15 islets of similar sizes were incubated for 1h at 5.6 or 0.5 mM glucose (G), 
as indicated in the figure. Data are means ± SEM (n = 16–25). Different letters over the bars 
represent significant differences (Two-way ANOVA followed by Holm-Sidak post test, P ≤ 0.05).   
 
Figure 5. Tau supplementation enhances cytoplasmic Ca
2+
 oscillations in α-cells from ob mice. 
Representative curves of Ca
2+
 oscillations in α-cells from C (A), CT (B), ob (D) and obT (E) islets. 
Individual Ca
2+
 signals were measured in 8-µm optical sections from intact islets using confocal 
microscopy and fluorescent dye Fluo-4. The frequency of [Ca
2+
]i in response to 0.5 (C) and 5.6 (F) 
mM glucose. Data are means ± SEM (n = 23–61 α-cells from 5 different mice). Different letters over 
the bars represent significant differences (Two-way ANOVA followed by Holm-Sidak post test, P ≤ 
0.05).   
 
Figure 6.  Tau supplementation regulates endocrine pancreatic mass content in ob mice. 
Panels show paraplast-embedded pancreas sections (5 µm thick) from the C (A, B, C), CT (D, E, F), 
ob (G, H, I) and obT (J, K, L) groups, which were immunolabelled for insulin (A, D, G, J), glucagon 
(B, E, H, K) or SST (C, F, I, L). Bar 50 µm. Means ± SEM of islet (M), β-cell (N), α-cell (O) and δ-
cell (P) masses of the endocrine pancreas from C, CT, ob and obT mice. Each endocrine pancreatic 
mass was calculated by multiplying the pancreas weight by the total islet, β, α or δ-cell area per 
pancreas section. Data are obtained from at least 12 pancreas sections analyzed. Different letters 
over the bars represent significant differences (Two-way ANOVA followed by Holm-Sidak post 
test, P ≤ 0.05).   
 
Figure 7. Tau regulates endocrine pancreatic genes in ob islets.  
Insulin, glucagon, SST, GLUT-2, TRPM5, SSTR2, MafA, Pax-6, PDX-1, Ngn3, NeuroD and  MafB 
mRNA expressions in islets from 90-day-old CT, ob and obT relative to C mice. C group is 
represented by the dotted line. Data are means ± SEM (n = 6-12). Different letters over the bars 








Table 1. Primer sequences for the islet-associated transcription factors and genes involved in islet-
cell functions. 
 
  Forward Reverse 
Insulin AGCAGGAAGGTTATTGTTTC  ACATGGGTGTGTAGAAGAAG 
Glucagon GGCTCCTTCTCTGACGAGATGAGCAC CTGGCACGAGATGTTGTGAAGATGG 
SST GAGCCCAACCAGACAGAGAA AAGCTGGCTGCAAGAACTTC 
GLUT-2 GGAAGAGGCATCGACTGAGCAG GCCTTCTCCACAAGCAGCACAG 
TRPM5 CAAATCCCTCTGGATGAAATTGATG CCAGCCAGTTGGCATAGA 
SSTR2 CTACATCTTCAACGTCTCTTC ATTGTGAATTGTCTGCCTTG 
MafA CATCCGACTGAAACAGAAG ATTTCTCCTTGTACAGGTCC 
PAX-6 TTTGAGAGGACCCATTATCC AACCATACCTGTATTCTTGC 
PDX-1 GATGAAATCCACCAAAGCTC TAAGAATTCCTTCTCCAGCTC 
Ngn3 GTCGGGAGAACTAGGATG  AAAAGGTTGTTGTGTCTCTG 
NeuroD AGATCGTCACTATTCAGAACC  AGAACTGAGACACTCATCTG 
MafB AAATTGACATACACACACC  AAGCCTGTCTTGTTTTCTTC 
GAPDH CCTGCACCACCAACTGCTTAG GCCCCACGGCCATCACGCCA 
   
Sequences: 5’ to 3’. 
SST, somatostatin; GLUT-2, glucose transporter 2; TRPM5, transient receptor potential melastatin 
5; SSTR2, SST receptor 2; MafA, V-maf musculoaponeurotic fibrosarcoma oncogene homolog A; 
PDX-1, Pancreatic and duodenal homeobox factor 1; Pax-6, Paired box 6; Ngn3, Neurogenin 3; 
NeuroD, Neurogenic differentiation 1 or β2; MafB, V-maf musculoaponeurotic fibrosarcoma 










Table 2. Obesity parameters in 90 day-old male C, CT, ob and obT mice. 
 
 
 C CT ob obT 
BW (g) 29 ± 1
a
 28 ± 1
a
 50 ± 1
b
 47 ± 1
b
 
Lee Index 312 ± 5
a
 323 ± 7
a
 373 ± 4
b








 2.3 ± 0.3
a
 14.3 ± 2.4
b




pad (mg/g BW) 
6.8 ± 0.7
a
 8.2 ± 1.0
a
 52.3 ± 5.7
b





Data are mean values ± SEM (n=8-16). Different letters represent significant differences (Two-way 






















C CT ob obT 
Glycemia 
(mg/dL) 
Fasted 74 ± 4
a
 96 ± 6
a
 105 ± 9
b
 119 ± 9
b
 
Fed 134 ± 12
a
 134 ± 4
a
 174 ± 7
b





Fasted 0.21 ± 0.1
a
 0.18 ± 0.1
a
 5.57 ± 0.9
b
 2.42 ± 0.7ª 
Fed 1.10 ± 0.1
a
 0.56 ± 0.1
a
 49.26 ± 14.9
b





Fasted 135 ± 15
a
 167 ± 13
a
 228 ± 13
b
 241 ± 19
b
 
Fed 151 ± 15
a
 155 ± 20
a
 200 ± 28
a




Fasted 116 ± 24 87 ± 19 142 ± 28 111 ± 24 
Fed 159 ± 13 155 ± 13 126 ± 35 140 ± 44 
NEFA 
(mmol/L) 
Fasted 1.48 ± 0.2
a,b
 1.11 ± 0.1
b
 1.06 ± 0.1
c
 1.41 ± 0.2
a,c
 
Fed 0.66 ± 0.1
a
 1.04 ± 0.2
a,b
 0.87 ± 0.1
a





Fasted 8.0 ± 1.2
a
 16.3 ± 1.4
b
 7.6 ± 1.4
a





Fasted 55 ± 10 71 ± 6 63 ± 8 76 ± 10 
 
Data are mean values ± SEM (n=8-16). Different letters represent significant differences (Two-way 









Table 4. Morphometric analysis of pancreases from 90-day-old male C, CT, ob and obT mice. 
 
  C CT ob obT 
Pancreas weight (mg) 232 ± 7 212 ± 17 254 ± 30 227 ± 8 
Islet area (µm
2
) 4191 ± 302
a
 5172 ± 293
a
 28919 ± 1549
b





) 2733 ± 277
a
 3425 ± 276
a
 16022 ± 1153
b





) 1143 ± 106
a
 1528 ± 136
a
 3610 ± 457
b





) 886 ± 99
a
 1220 ± 189
b
 805 ± 74
a
 781 ± 70
a
 




 60 ± 6
a
 85 ± 9
b
 116 ± 18
c
 
Number of analyzed 
islets 
672 1073 1282 815 
     
For parameter calculations, see Materials and Methods section. Different letters represent significant 
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An imbalance of the autonomic nervous system (ANS) is suggested to be involved in insulin 
hypersecretion in obesity. Taurine (Tau) shows anti-obesity effects and regulates pancreatic islet 
function. Here, we evaluated obesity development and insulin secretion in response to 
cholinergic/protein kinase (PK)-C and PKA activation in ob/ob mice supplemented with Tau. From 
weaning until 90 days of age, male and female C57Bl/6 (C) and ob/ob mice (ob) were supplemented 
(CT and obT), or not, with 5% Tau. Female and male ob mice presented higher body weight and fat 
stores. Tau did not alter adiposity in the obT groups. Islets isolated from female and male ob mice 
hypersecreted insulin in response to 5.6 and 11.1 mM glucose without or with 100 μM Cch 
(carbachol), 100 nM PMA (phorbol-12-myristate-13-acetate) or 10 μM forskolin. Additionally, Cch-
induced higher intracellular Ca
2+
 mobilization in ob islets. Islets from the female ob group were not 
responsive to the inhibitory action of phenylephrine (Phe). Tau decreased insulin release at 5.6 mM 
glucose without or with PMA in obT. At 11.1 mM glucose, the female obT group presented normal 
insulin secretion at Cch, PMA and Phe, whereas male obT partially decreased secretion following 
PMA and forskolin stimuli. Ca
2+
 mobilization induced by Cch is partially reduced in female obT. 
Therefore, ob islets presented hypersecretion in glucose and potentiating agents. Despite not 
preventing the development of obesity, the normalization of the cholinergic/PKC pathway and the 
improvement in the action of Phe, indicate that Tau may regulate the ANS actions upon endocrine 
pancreas in obesity. 
 








Obesity is an emerging epidemic problem and predisposes to several chronic non-
communicable diseases, such as type 2 diabetes mellitus (T2D). Obesity and T2D are associated 
with insulin resistance, a condition that leads to a compensatory pancreatic β-cell hyperfunction 
(Kahn, Hull e Utzschneider, 2006). However, the establishment of T2D is also accompanied by β-
cell exhaustion and death (Cerf, 2013). 
The parasympathetic nervous system (PNS) innervates pancreatic islets and, through 
acetylcholine (Ach), potentiates glucose-induced insulin secretion. This neurotransmitter interacts 
with muscarinic type 3 (M3) receptors in β-cells, which activate phospholipase (PL)-C. This enzyme 
hydrolyses phosphatidylinositol 4,5-bisphosphate and produces inositol 1,4,5-trisphosphate (IP3), 
which in turn releases Ca
2+
 from intracellular stores; and diacylglycerol (DAG), which activates 
protein kinase (PK)-C (Boschero et al., 1995; Ahren, 2000; Gilon e Henquin, 2001a). Cholinergic 
actions may also activate PKA, in turn regulating IP3 receptors and insulin granule exocytosis 
(Joseph e Ryan, 1993; Dolz et al., 2005). Fibers from the sympathetic nervous system (SNS) release 
norepinephrine, which acts on the β-cell through β-adrenergic or α2-adrenergic receptors, with 
consequent increases and decreases in insulin secretion, respectively (Ahren, 2000). Several lines of 
evidence suggest an imbalance in the actions of the autonomic nervous system (ANS) in obesity, 
with a higher PNS but lower SNS activity (Yoshimatsu et al., 1984; Lee, Curry e Stern, 1989; 1993; 
Edvell e Lindstrom, 1998; Cruciani-Guglielmacci et al., 2005; Shikora et al., 2013). This ANS 
disruption changes whole body nutrient regulation, leading to more energy storage than expenditure 
(Scomparin et al., 2009). 
Experimental insulin-resistant and/or obese rodents and humans show a reduced SNS action 
in the endocrine pancreas, which contributes to β-cell hypersecretion (Yoshimatsu et al., 1984; Lee, 
Curry e Stern, 1989; 1993; Cruciani-Guglielmacci et al., 2005; Balbo et al., 2007; Ahren, 2008; 
Shikora et al., 2013). Pancreatic islets from leptin-deficient obese (ob) mice hypersecrete insulin in 
response to glucose (Chen, Tassava e Romsos, 1993) and potentiating agents (Black, Heick e Begin-
Heick, 1986; Black et al., 1988; Tassava, Okuda e Romsos, 1992; Chen e Romsos, 1997), and 
demonstrate a higher proliferation rate that in turn increases the islet-cell mass (Tomita et al., 1992a; 
Edvell e Lindstrom, 1998). An imbalance of the ANS may be involved in these endocrine pancreatic 
compensatory functions in ob mice, since subdiaphragmatic vagotomy reduces insulinemia and 





Taurine (Tau) is a sulfur-containing amino acid that participates in several essential 
biological processes (Huxtable, 1992), such as glucose homeostasis and islet-secretory function 
regulation (Ribeiro et al., 2009). Tau regulates the M3/PKC and PKA pathways in pancreatic islets 
(Ribeiro et al., 2010; Batista et al., 2012). In addition, the amino acid modulates ANS function 
especially in high blood pressure conditions (Fujita e Sato, 1988; Sato, Ogata e Fujita, 1991; 
Singewald et al., 1997; Hano et al., 2009). However, there is a lack of information about the effects 
of Tau supplementation on ANS action in pancreatic islets in the obesity. Here, we report that Tau 
supplementation partially decreases islet hyperfunction in the presence of basal and stimulatory 
glucose concentrations in male ob mice, an effect that is associated with a reduction in hormone 
secretion when PKC and PKA are activated. In female ob mice, Tau treatment normalized insulin 
secretion at basal glucose concentrations and also preserved the normal islet secretory function in 
response to the cholinergic/PKC and SNS pathways.  
 
METHODS  
Experimental Groups  
All experimental procedures were developed in accordance with the Ethics Committee in 
Animal Experimentation, UNICAMP (certificate nº.: 2018-1). From weaning until 90 days of age, 
male and female C57Bl/6 (C group) or ob/ob (ob) mice were distributed into four groups: C; C that 
received 5% Tau in their drinking water (CT); ob or obT. All mice groups were maintained on a 12h 
light–dark cycle (lights 8:00-20:00h), with controlled humidity and temperature (21 ± 2º C), with 
free access to standard laboratory rodent chow (Nutrilab, Colombo, PR, BRA) and water.  
 
Evaluation of Obesity  
At 90 days of age, the final body weight (BW) and nasoanal length were measured in all 
mice groups for calculation of the Lee index [from the ratio of BW (g)
1/3
/nasoanal length (cm).1000] 
(Bernardis e Patterson, 1968). Subsequently, all mice groups were euthanized and retroperitoneal 
and perigonadal fat pads were collected and weighted.  
 
Islet Isolation and Insulin Secretion 
Islets were isolated by collagenase digestion of the pancreas. For insulin secretion, groups of 
four islets were incubated for 30 min at 37°C in Krebs–Ringer bicarbonate (KRB) buffer containing 





(Sigma-Aldrich Chemical, St Louis, MO, USA), supplemented with 5.6 mM glucose plus 0.3% of 
BSA, and equilibrated with a mixture of 95% O2/5% CO2 to give pH 7.4. This medium was then 
replaced with fresh KRB buffer and the islets were further incubated for 1h with 5.6 or 11.1 mM 
glucose alone or in combination with 10 µM forskolin, 100 nM phorbol 12-myristate 13-acetate 
(PMA), 100 µM carbachol (Cch) or 10 µM phenylephrine (Phe; Sigma-Aldrich Chemical, St Louis, 
MO, USA ). At the end of the incubation period, the insulin content of the medium was measured by 
RIA using radiolabeled 
125
I human insulin (Genesis, São Paulo, SP, BRA), as previously reported 
(Ribeiro et al., 2010).  
 
Recording of cytoplasmic Ca
2+
mobilization 
Fresh pancreatic islets were incubated for 1h in a KRB buffer containing 5.6 mM glucose, 
0.3% BSA and gassed with a mixture of 95% O2/5% CO2 to give pH 7.4. Afterwards, the islets were 
incubated under the same described above conditions for a further hour with 5 µM fura-2-
acetoxymethyl ester, a Ca
2+
-sensitive dye (Calbiochem, San Diego, CA, USA). Subsequently, single 
islets were placed in a chamber that was thermostatically regulated at 37
o 
C, over poly L-lysine-
treated glass coverslips on the stage of an inverted epifluorescence microscope (Nikon Eclipse 
TE200, Tokyo, Japan). Islets were perifused with a Ca
2+
-free KRB containing 11.1 mM glucose, 
250 mM diazoxide (DZX) and 10 mM EGTA with or without 100 µM Cch. A ratio image was 
acquired approximately every 3 s with a Cool One camera (Photon Technology International, NJ, 
USA) using a dual filter wheel equipped with 340 nm, 380 nm and 10 nm bandpass filters, and a 
range of neutral density filters (Photon Technology International, NJ, USA). Data were acquired 
using the Image Master version 5.0 (Photon Technology International, NJ, USA) (Carneiro, 
Latorraca, Araujo, Beltra, et al., 2009).  
 
Statistical analysis 
Results are presented as means ± SEM for the number of experiments indicated. Statistical 
analyses were carried out using two-way analysis of variance (ANOVA) followed by the Holm-
Sidak post test and performed using SigmaStat version 3.5 for Windows (Jandel Scientific Software 










Table 1 shows general obesity parameters evaluated at 90 days of age in ob and C mice 
supplemented, or not, with Tau. Increases of 126% and 153% in BW were observed in male and 
female ob mice, respectively, in comparison with their C groups (P < 0.0001). Male and female ob 
mice presented longer body lengths (9.2 ± 0.3 and 9.5 ± 0.3 cm, respectively) than C mice (8.4 ± 0.1 
and 8.3 ± 0.3 cm; P < 0.03 and P < 0.01, respectively). Both, male and female ob groups presented a 
21% higher Lee index, when compared with C mice (P < 0.0001). The retroperitoneal and 
perigonadal fat stores were 8.7 and 5.3-fold higher in male ob, and presented a 3.7 and 8.6-fold 
increase in the female ob group, in comparison with their respective C groups (P < 0.0001; Tab. 1).  
Tau supplementation promoted a reduction of 8% in the Lee index in the male obT group when 
compared with ob mice (P < 0.03), without altering other obesity parameters (Tab. 1) and body 
length in male and female obT mice (9.6 ± 0.2 and 9.3 ± 0.3 cm, respectively). 
 
Insulin secretion in response to glucose 
Figure 1 shows insulin secretion in response to 5.6 and 11.1 mM glucose in islets isolated 
from ob and C mice supplemented or not with Tau. Male and female ob groups secreted high 
amounts of insulin at basal glucose concentrations (P < 0.0001; Fig. 1A and 1B), but only islets 
isolated from male ob mice hypersecreted insulin at stimulatory glucose conditions, when compared 
with C mice (P < 0.0001; Fig. 1B). Tau supplementation prevented islet hypersecretion in response 
to glucose, since in male and female obT groups, insulin release at 5.6 mM glucose was 32% and 
40%, respectively, which was lower than of that observed for ob islets (P < 0.01 and P < 0.03).  In 
addition, at 11.1 mM glucose, Tau treatment prevented insulin hypersecretion in islets from male 
obT mice with a 31% reduction in comparison with ob islets (P < 0.009; Fig. 1A).  
 
Insulin secretion and intracellular Ca
2+
 mobilization in response to Cholinergic/PKC pathway 
activation 
The incubation of isolated islets with 5.6 and 11.1 mM glucose, in combination with 100 µM 
Cch, a M3 receptor agonist (Yoshimura et al., 2006), leads to a higher increment in insulin release at 
basal and stimulatory glucose concentrations in islets from male ob mice (P < 0.0001; Fig. 2A). 
However, in the female ob group, Cch enhanced insulin secretion only at 11.1 mM glucose (P < 





male and female C group (P < 0.002 and P < 0.04), and at 11.1 mM glucose in both C and CT islets 
(P < 0.05). Tau supplementation prevented Cch-induced hypersecretion only in the obT female 
groups (Fig. 2B). 
When insulin release was investigated in the presence of 100 nM PMA, which activates PKC 
(Gilon e Henquin, 2001a), both male and female ob groups presented an increase in insulin secretion 
at 5.6 and 11.1 mM glucose, showing a higher increment in the insulin release when compared with 
C islets (P < 0.0001; Fig. 2C and 2 D). PMA also increased insulin release under basal and 
stimulatory glucose conditions in C and CT islets (P < 0.05). Tau supplementation normalized the 
insulin release, under PMA stimulus, in islets from female obT mice (Fig. 2D); in the male obT 
group, reductions of 40% and 36% in insulin secretion at 5.6 and 11.1 mM glucose plus PMA, 
respectively, were observed, in comparison with the male ob group (P < 0.0001; Fig. 1C). 
We also analyzed Ca
2+
 mobilization from internal stores in islets isolated from ob and C mice 
supplemented, or not, with Tau. For this, 100 µM Cch was added to a perifusion system with a Ca
2+
-
free medium, containing 11.1 mM glucose, 250 M DZX, and 10 mM EGTA. The Cch-induced 




]i) was higher in islets from male and female ob 
groups, in comparison with C islets (Fig. 3D, 3A, 4D and 4A, respectively). The areas under the 
curves (AUC) in islets from female ob mice (Fig. 4C) and the amplitude of the [Ca
2+
]i (Fig. 3F and 
4F) in response to Cch, in ob islets from both genders, were higher in comparison with C islets (P < 
0.04, P < 0.001 and P < 0.0002, respectively). The normalization of the Cch-induced insulin 
secretion in the female obT group was associated with a partial reduction in the total intracellular 
Ca
2+
 mobilization (Fig. 4C), without alterations in the amplitude of [Ca
2+
]i (Fig. 3F and 4F). 
 
Forskolin and Phe effects on insulin secretion 
Figures 5A and 5B show insulin secretion in response to 10 µM forskolin, which activates 
adenylyl cyclase and increases cytosolic cAMP (cyclic adenosine monophosphate) levels (Dyachok 
et al., 2008). Forskolin induced a higher increase in insulin secretion, under basal and stimulatory 
glucose conditions, in all ob groups in comparison with C islets (P < 0.0001). In addition, forskolin 
increased insulin release at 5.6 mM glucose in the male C group (P < 0.0001), and in C and CT islets 
at stimulatory glucose concentrations (P < 0.05).Tau supplementation decreased insulin release in 
response to forskolin in male obT at 5.6 and 11.1 mM glucose, when compared with ob islets (P < 
0.0001 and P < 0.007; Fig. 5A). No alteration in forskolin-induced secretion was observed between 





In the next series of experiments, we analyzed the inhibition of insulin release in all groups 
of islets in the presence of 10 µM Phe, a α-adrenergic agonist (Hillaire-Buys et al., 1985; Freitag, 
Wessler e Racke, 1998). The male ob group exhibited reductions of 46% and 76% in insulin 
secretion at 5.6 and 11.1 mM glucose, respectively, in response to the adrenergic agonist (P < 0.04 
and P < 0.0001; Fig. 5C). However, no significant decrease in insulin secretion in islets isolated 
from female ob mice, at 5.6 and 11.1 mM glucose plus Phe, was observed (Fig. 5D). Tau treatment 
showed a dual effect in response to Phe, with a normalization of Phe-induced inhibition in insulin 
release at 5.6 and 11.1 mM glucose in the female obT group (Fig. 5D), but no alteration in the 




Our results demonstrate that pancreatic islets from ob mice hypersecrete insulin in response 
to glucose. The higher insulin secretion observed under basal glucose conditions is a compensatory 
secretory function in response to the severe insulin resistance noticed in these rodents (Tomita et al., 
1992a). Here, we verified that ANS is involved in the former mechanism, since ob islets isolated 
from both genders of mice presented a greater increase in insulin release following the activation of 
M3/PKC and PKA pathways, whereas the inhibition of the insulin secretion in response to α-
adrenergic activation was impaired in female ob mice. Tau supplementation decreased glucose-
induced insulin secretion in islets from male obT mice in an effect that was associated with lower 
PKC and PKA–induced insulin release. However, in the female obT group, Tau normalized insulin 
secretion, under basal glucose levels, in response to the M3/PKC pathway and following inhibitory 
adrenergic action.  
As expected, ob mice of both genders presented a morbid obesity condition (Lindstrom, 
2010), with enhanced BW, Lee index and body fat depots (Tab. 1). While several mechanisms have 
been suggested to be involved in the manifestation of obesity and its maintenance, an imbalance of 
the action of ANS with a higher PNS, but lower SNS action, has been reported in several 
experimental models and humans with this syndrome (Yoshimatsu et al., 1984; Lee, Curry e Stern, 
1989; 1993; Edvell e Lindstrom, 1998; Cruciani-Guglielmacci et al., 2005; Shikora et al., 2013). 
The higher PNS and lower SNS action in obesity and insulin-resistant states leads to insulin 
hypersecretion and increased islet-cell proliferation (Lee, Curry e Stern, 1989; 1993; Edvell e 





lower threshold for glucose-induced insulin secretion (Chen, Tassava e Romsos, 1993), since ob 
islets from both gender secreted high amounts of insulin in response to 5.6 mM glucose (Fig. 1). In 
addition, we also found that islets from ob mice hypersecreted insulin in response to the activation 
of the M3/PKC pathway (Fig. 2), an effect that was accompanied by an enhanced Ca
2+
 mobilization 
from internal stores in the ob group (Fig. 3 and 4). Insulin hypersecretion in response to Ach and 
PKC activation have been previously reported in ob islets (Tassava, Okuda e Romsos, 1992; Chen e 
Romsos, 1997). In these studies, Ach-induced insulin hypersecretion was associated with PKC 
activation, since PKC downregulation restored insulin secretion in ob islets to similar levels to those 
observed in lean mice (Chen e Romsos, 1997). Our results extend the data regarding ob islet 
function, since a higher intracellular Ca
2+ 
mobilization was noted (Fig. 3 and 4), indicating that the 
higher [Ca
2+
]i, together with PKC, may enhance the efficiency of granule exocytosis in the ob 
group. 
The amino acid, Tau, improves glucose homeostasis and pancreatic islet function in response 
to nutrients and agents that potentiate insulin release (Ribeiro et al., 2009; Ribeiro et al., 2010; 
Batista et al., 2012). Tau also prevents islet hypersecretion and hypertrophy in obese mice fed on a 
high-fat diet (Ribeiro et al., 2012). In our study, Tau supplementation decreased insulin secretion 
following a PMA stimulus in islets from obT mice (Fig. 2A and 2C), and normalized insulin 
secretion upon Cch and PMA stimulation, but partially decreased Ca
2+
 internal flux in the female 
obT group (Fig. 2B and 2D). Although a direct action of Tau in PNS activity has not been reported, 
several studies have demonstrated that Tau may regulate cholinergic action and PKC activation 
under different experimental conditions. Tau dose-dependently decreased skeletal muscle 
contraction in response to Cch (Lehmann e Hamberger, 1984). This amino acid decreases the 
activation of conventional and atypical PKC (Wang et al., 2009; Das et al., 2010), but also has 
protective effects on cardiomyocytes via the activation of PKCε (Ito et al., 2009). In islets isolated 
from Tau-supplemented mice, no alteration in PKC-induced insulin secretion was observed (Ribeiro 
et al., 2010). However, normalization of M3 receptor protein content and Cch-induced insulin 
release was seen in islets from malnourished rats supplemented with Tau (Batista et al., 2012). 
These data demonstrate that Tau may regulate the cholinergic/PKC pathway and, in obesity, its 
action decreased islet hyperfunction.  
In pancreatic islets from Goto-Kakizaki diabetic rats, Ach improved glucose-induced insulin 
secretion via the activation of the PKA pathway (Dolz et al., 2005). Here, we confirm that islets 





stimulatory glucose concentrations (Fig. 5A and 5B) (Black, Heick e Begin-Heick, 1986; Black et 
al., 1988). Additionally, we showed that only islets from male ob mice respond to the inhibitory 
action of Phe (Fig. 5C), while an efficient decrease in insulin release in response to norepinephrine 
in 8-week old female ob mice has been reported (Tassava, Okuda e Romsos, 1992). Our results are 
in accordance with several studies that have demonstrated an impaired SNS inhibitory action in β-
cells in genetically- or diet-induced obese rodents, which contributes to insulin hypersecretion (Lee, 
Curry e Stern, 1989; 1993; Cruciani-Guglielmacci et al., 2005; Ribeiro et al., 2014). Furthermore, 
insulin-resistant conditions lead to decreased SNS action in humans, since increased insulinemia, 
circulating C-peptide levels and reductions in norepinephrine plasma levels have been observed in 
healthy subjects submitted to 48 h triglyceride infusion (Magnan et al., 2001). 
Tau decreased forskolin-induced insulin secretion only in the male ob group (Fig. 5B). 
Previously, our research group showed that Tau enhances PKA-induced Ca
2+
 influx and insulin 
secretion in islets isolated from control mice (Ribeiro et al., 2010). This amino acid regulates the 
activity and expression of the PKA pathway in different cell types (Chen et al., 2009; Pina-Zentella 
et al., 2012; Liu et al., 2013). Further investigation is needed to understand the modulatory action of 
Tau in the PKA pathway in islets from obese rodents, but the lower forskolin-induced increment 
insulin secretion in the obT group may contribute to decrease islet hypersecretion, since cAMP/PKA 
are also involved in glucose-induced insulin secretion (Dyachok et al., 2008). 
A normalization of the inhibitory action of the SNS on insulin secretion was demonstrated in 
female obT islets (Fig. 5D). In contrast, several reports have shown that Tau may decrease 
norepinephrine release from SNS terminals, decreasing heart rate, blood pressure and improving 
baro-reflex sensitivity in different models of hypertension (Singewald et al., 1997; Hano et al., 
2009). Tau decreased circulating epinephrine and norepinephrine levels, as well as adrenal 
epinephrine content in deoxycorticosterone acetate-salt rats (Fujita e Sato, 1988; Sato, Ogata e 
Fujita, 1991). In all these studies, Tau did not alter SNS or sympathoadrenal function in control 
rodents (Fujita e Sato, 1988; Sato, Ogata e Fujita, 1991; Singewald et al., 1997; Hano et al., 2009). 
Furthermore, poor data concerning the effects of Tau in ANS regulation in metabolism has been 
reported; a study in healthy subjects submitted to a high-cholesterol diet for 3 weeks showed that 
Tau supplementation decreased low-density lipoprotein levels and norepinephrine urinary excretion 
(Mizushima et al., 1996). Our data suggest that, in the endocrine pancreas, Tau preserves normal 









In summary, islets from ob mice presented a hypersecretory function under basal and 
stimulatory glucose concentrations, as well as following the activation of the potentiating M3/PKC 
and PKA pathways. Furthermore, islets from female ob mice showed an impaired SNS inhibitory 
action. Tau supplementation prevented islet hypersecretion in male and female ob mice. This effect 
may be associated with the modulation of the PKC and PKA pathways in the male ob group. In 
female ob mice, Tau normalized the action of the cholinergic/PKC pathways and the inhibitory 
action of SNS. It is probable that Tau prevents the imbalance in the PNS and SNS action in the 
endocrine pancreas in the obesity, an effect that contributes to improve body nutrient homeostasis. 
 
ACKNOWLEDGMENTS AND GRANTS 
This study forms part of a PhD Thesis (JC Santos-Silva) and was supported by grants from 
Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP 2009/54153-7) and Instituto 
Nacional de Obesidade e Diabetes (CNPq/FAPESP). Authors thank Marise Carnelossi for excellent 
technical assistance and Nicola Conran for editing the English. 
 
DISCLOSURES 
The contributing authors report no conflicts of interest. 
 
REFERENCES 
Ahren B (2000) Autonomic regulation of islet hormone secretion--implications for health and 
disease. Diabetologia 43 (4):393-410. doi:10.1007/s001250051322 
Ahren B (2008) Evidence that autonomic mechanisms contribute to the adaptive increase in insulin 
secretion during dexamethasone-induced insulin resistance in humans. Diabetologia 51 
(6):1018-1024. doi:10.1007/s00125-008-0995-y 
Balbo SL, Grassiolli S, Ribeiro RA, Bonfleur ML, Gravena C, Brito Mdo N, Andreazzi AE, Mathias 
PC, Torrezan R (2007) Fat storage is partially dependent on vagal activity and insulin 
secretion of hypothalamic obese rat. Endocrine 31 (2):142-148 
Batista TM, Ribeiro RA, Amaral AG, de Oliveira CA, Boschero AC, Carneiro EM (2012) Taurine 





protein diet rats: involvement of Ach-M3R, Synt 1 and SNAP-25 proteins. The Journal of 
nutritional biochemistry 23 (3):306-312. doi:10.1016/j.jnutbio.2010.12.012 
Bernardis LL, Patterson BD (1968) Correlation between 'Lee index' and carcass fat content in 
weanling and adult female rats with hypothalamic lesions. The Journal of endocrinology 40 
(4):527-528 
Black M, Heick HM, Begin-Heick N (1986) Abnormal regulation of insulin secretion in the 
genetically obese (ob/ob) mouse. The Biochemical journal 238 (3):863-869 
Black MA, Fournier LA, Heick HM, Begin-Heick N (1988) Different insulin-secretory responses to 
calcium-channel blockers in islets of lean and obese (ob/ob) mice. The Biochemical journal 
249 (2):401-407 
Boschero AC, Szpak-Glasman M, Carneiro EM, Bordin S, Paul I, Rojas E, Atwater I (1995) 
Oxotremorine-m potentiation of glucose-induced insulin release from rat islets involves M3 
muscarinic receptors. The American journal of physiology 268 (2 Pt 1):E336-342 
Carneiro EM, Latorraca MQ, Araujo E, Beltra M, Oliveras MJ, Navarro M, Berna G, Bedoya FJ, 
Velloso LA, Soria B, Martin F (2009) Taurine supplementation modulates glucose 
homeostasis and islet function. The Journal of nutritional biochemistry 20 (7):503-511. 
doi:10.1016/j.jnutbio.2008.05.008 
Cerf ME (2013) Beta cell dysfunction and insulin resistance. Frontiers in endocrinology 4:37. 
doi:10.3389/fendo.2013.00037 
Chen H, Li J, Liu J, Liu L, Liu N, Song YZ (2009) [Effects of prenatal taurine on mRNA expression 
of PKA CREB signal pathway and glial cell line derived neurotrophic factor in fetal rat 
brains of intrauterine growth restriction]. Zhongguo dang dai er ke za zhi = Chinese journal 
of contemporary pediatrics 11 (11):923-926 
Chen NG, Romsos DR (1997) Persistently enhanced sensitivity of pancreatic islets from ob/ob mice 
to PKC-stimulated insulin secretion. The American journal of physiology 272 (2 Pt 1):E304-
311 
Chen NG, Tassava TM, Romsos DR (1993) Threshold for glucose-stimulated insulin secretion in 
pancreatic islets of genetically obese (ob/ob) mice is abnormally low. The Journal of 
nutrition 123 (9):1567-1574 
Cruciani-Guglielmacci C, Vincent-Lamon M, Rouch C, Orosco M, Ktorza A, Magnan C (2005) 





decreased sympathetic tone. American journal of physiology Endocrinology and metabolism 
288 (1):E148-154. doi:10.1152/ajpendo.00225.2004 
Das J, Ghosh J, Manna P, Sil PC (2010) Protective role of taurine against arsenic-induced 
mitochondria-dependent hepatic apoptosis via the inhibition of PKCdelta-JNK pathway. 
PloS one 5 (9):e12602. doi:10.1371/journal.pone.0012602 
Dolz M, Bailbe D, Giroix MH, Calderari S, Gangnerau MN, Serradas P, Rickenbach K, Irminger 
JC, Portha B (2005) Restitution of defective glucose-stimulated insulin secretion in diabetic 
GK rat by acetylcholine uncovers paradoxical stimulatory effect of beta-cell muscarinic 
receptor activation on cAMP production. Diabetes 54 (11):3229-3237 
Dyachok O, Idevall-Hagren O, Sagetorp J, Tian G, Wuttke A, Arrieumerlou C, Akusjarvi G, Gylfe 
E, Tengholm A (2008) Glucose-induced cyclic AMP oscillations regulate pulsatile insulin 
secretion. Cell metabolism 8 (1):26-37. doi:10.1016/j.cmet.2008.06.003 
Edvell A, Lindstrom P (1998) Vagotomy in young obese hyperglycemic mice: effects on syndrome 
development and islet proliferation. The American journal of physiology 274 (6 Pt 1):E1034-
1039 
Freitag A, Wessler I, Racke K (1998) Phosphodiesterase inhibitors suppress alpha2-adrenoceptor-
mediated 5-hydroxytryptamine release from tracheae of newborn rabbits. European journal 
of pharmacology 354 (1):67-71 
Fujita T, Sato Y (1988) Hypotensive effect of taurine. Possible involvement of the sympathetic 
nervous system and endogenous opiates. The Journal of clinical investigation 82 (3):993-
997. doi:10.1172/JCI113709 
Gilon P, Henquin JC (2001) Mechanisms and physiological significance of the cholinergic control 
of pancreatic beta-cell function. Endocrine reviews 22 (5):565-604. 
doi:10.1210/edrv.22.5.0440 
Hano T, Kasano M, Tomari H, Iwane N (2009) Taurine suppresses pressor response through the 
inhibition of sympathetic nerve activity and the improvement in baro-reflex sensitivity of 
spontaneously hypertensive rats. Advances in experimental medicine and biology 643:57-63. 
doi:10.1007/978-0-387-75681-3_6 
Hillaire-Buys D, Gross R, Blayac JP, Ribes G, Loubatieres-Mariani MM (1985) Effects of alpha-
adrenoceptor agonists and antagonists on insulin secreting cells and pancreatic blood vessels: 
comparative study. European journal of pharmacology 117 (2):253-257 





Ito T, Pastukh V, Solodushko V, Azuma J, Schaffer SW (2009) Effect of taurine on protein kinase C 
isoforms: role in taurine's actions? Advances in experimental medicine and biology 643:3-
11. doi:10.1007/978-0-387-75681-3_1 
Joseph SK, Ryan SV (1993) Phosphorylation of the inositol trisphosphate receptor in isolated rat 
hepatocytes. The Journal of biological chemistry 268 (31):23059-23065 
Kahn SE, Hull RL, Utzschneider KM (2006) Mechanisms linking obesity to insulin resistance and 
type 2 diabetes. Nature 444 (7121):840-846. doi:10.1038/nature05482 
Lee HC, Curry DL, Stern JS (1989) Direct effect of CNS on insulin hypersecretion in obese Zucker 
rats: involvement of vagus nerve. The American journal of physiology 256 (3 Pt 1):E439-
444 
Lee HC, Curry DL, Stern JS (1993) Tonic sympathetic nervous system inhibition of insulin 
secretion is diminished in obese Zucker rats. Obesity research 1 (5):371-376 
Lehmann A, Hamberger A (1984) Inhibition of cholinergic response by taurine in frog isolated 
skeletal muscle. The Journal of pharmacy and pharmacology 36 (1):59-61 
Lindstrom P (2010) beta-cell function in obese-hyperglycemic mice [ob/ob Mice]. Advances in 
experimental medicine and biology 654:463-477. doi:10.1007/978-90-481-3271-3_20 
Liu J, Liu Y, Wang XF, Chen H, Yang N (2013) Antenatal taurine supplementation improves 
cerebral neurogenesis in fetal rats with intrauterine growth restriction through the PKA-
CREB signal pathway. Nutritional neuroscience 16 (6):282-287. 
doi:10.1179/1476830513Y.0000000057 
Magnan C, Cruciani C, Clement L, Adnot P, Vincent M, Kergoat M, Girard A, Elghozi JL, Velho 
G, Beressi N, Bresson JL, Ktorza A (2001) Glucose-induced insulin hypersecretion in lipid-
infused healthy subjects is associated with a decrease in plasma norepinephrine 
concentration and urinary excretion. The Journal of clinical endocrinology and metabolism 
86 (10):4901-4907. doi:10.1210/jcem.86.10.7958 
Mizushima S, Nara Y, Sawamura M, Yamori Y (1996) Effects of oral taurine supplementation on 
lipids and sympathetic nerve tone. Advances in experimental medicine and biology 403:615-
622 
Pina-Zentella G, de la Rosa-Cuevas G, Vazquez-Meza H, Pina E, de Pina MZ (2012) Taurine in 
adipocytes prevents insulin-mediated H2O2 generation and activates Pka and lipolysis. 





Ribeiro RA, Bonfleur ML, Amaral AG, Vanzela EC, Rocco SA, Boschero AC, Carneiro EM (2009) 
Taurine supplementation enhances nutrient-induced insulin secretion in pancreatic mice 
islets. Diabetes/metabolism research and reviews 25 (4):370-379. doi:10.1002/dmrr.959 
Ribeiro RA, Bonfleur ML, Vanzela EC, Zotti AI, Scomparin DX, Boschero AC, Balbo SL (2014) 
Physical Exercise Introduced After Weaning Enhances Pancreatic Islet Responsiveness to 
Glucose and Potentiating Agents in Adult MSG-Obese Rats. Hormone and metabolic 
research = Hormon- und Stoffwechselforschung = Hormones et metabolisme. doi:10.1055/s-
0034-1368705 
Ribeiro RA, Santos-Silva JC, Vettorazzi JF, Cotrim BB, Mobiolli DD, Boschero AC, Carneiro EM 
(2012) Taurine supplementation prevents morpho-physiological alterations in high-fat diet 
mice pancreatic beta-cells. Amino acids 43 (4):1791-1801. doi:10.1007/s00726-012-1263-5 
Ribeiro RA, Vanzela EC, Oliveira CA, Bonfleur ML, Boschero AC, Carneiro EM (2010) Taurine 
supplementation: involvement of cholinergic/phospholipase C and protein kinase A 
pathways in potentiation of insulin secretion and Ca2+ handling in mouse pancreatic islets. 
The British journal of nutrition 104 (8):1148-1155. doi:10.1017/S0007114510001820 
Sato Y, Ogata E, Fujita T (1991) Hypotensive action of taurine in DOCA-salt rats--involvement of 
sympathoadrenal inhibition and endogenous opiate. Japanese circulation journal 55 (5):500-
508 
Scomparin DX, Gomes RM, Grassiolli S, Rinaldi W, Martins AG, de Oliveira JC, Gravena C, de 
Freitas Mathias PC (2009) Autonomic activity and glycemic homeostasis are maintained by 
precocious and low intensity training exercises in MSG-programmed obese mice. Endocrine 
36 (3):510-517. doi:10.1007/s12020-009-9263-2 
Shikora S, Toouli J, Herrera MF, Kulseng B, Zulewski H, Brancatisano R, Kow L, Pantoja JP, 
Johnsen G, Brancatisano A, Tweden KS, Knudson MB, Billington CJ (2013) Vagal blocking 
improves glycemic control and elevated blood pressure in obese subjects with type 2 
diabetes mellitus. Journal of obesity 2013:245683. doi:10.1155/2013/245683 
Singewald N, Kouvelas D, Chen F, Philippu A (1997) The release of inhibitory amino acids in the 
hypothalamus is tonically modified by impulses from aortic baroreceptors as a consequence 
of blood pressure fluctuations. Naunyn-Schmiedeberg's archives of pharmacology 356 
(3):348-355 
Tassava TM, Okuda T, Romsos DR (1992) Insulin secretion from ob/ob mouse pancreatic islets: 





Tomita T, Doull V, Pollock HG, Krizsan D (1992) Pancreatic islets of obese hyperglycemic mice 
(ob/ob). Pancreas 7 (3):367-375 
Wang YC, Guan FY, Li H, Yang SJ (2009) [Anti-proliferation action of taurine on rat cardiac 
fibroblast through inhibiting protein kinase Calpha expression]. Yao xue xue bao = Acta 
pharmaceutica Sinica 44 (6):591-596 
Yoshimatsu H, Niijima A, Oomura Y, Yamabe K, Katafuchi T (1984) Effects of hypothalamic 
lesion on pancreatic autonomic nerve activity in the rat. Brain research 303 (1):147-152 
Yoshimura R, Omori H, Somekawa S, Osaka T, Ito R, Inoue S, Endo Y (2006) Continuous 
carbachol infusion promotes peripheral cell proliferation and mimics vagus hyperactivity in a 









Figure 1. Glucose-induced insulin secretion in islets from 90-day-old male (A) and female (B) ob 
and C mice supplemented, or not, with Tau.  
Groups of 4 islets were incubated for 1 h with different glucose (G) concentrations, as indicated. 
Each bar represents mean ± SEM (n=6-15). Different letters represent significant differences 
between the groups in the presence of the same glucose concentrations (Two-way ANOVA followed 
by Holm-Sidak post test, P < 0.05). 
 
Figure 2. Insulin secretion induced by Cch (100 M) or PMA (100 nM) in islets from male (A and 
C) and female (B and D) ob and C mice, supplemented or not with Tau.  
Islets were incubated for 1 h at 5.6 or 11.1 mM glucose (G), with or without Cch or PMA. Each bar 
represents mean ± SEM (n=6-16). Different letters indicate significant differences between the 
groups in the same condition evaluated (Two-way ANOVA followed by Holm-Sidak post test, P < 
0.05). 
 
Figure 3. Cch (100 M) induced Ca
2+
 mobilization from intracellular stores in islets isolated from 
male C (A), CT (B), ob (D) and obT (E) mice.  
The experiments were performed in a perifusion system in a Ca
2+
-free medium containing: 11.1 mM 
glucose (G11.1), 250 M DZX, and 10 mM EGTA. Values are the ratio of F340/F380 registered for 
each group. Data are means ± SEM of AUC (C) and amplitude (F) of [Ca
2+
]i obtained from 8-10 
independent perifusion experiments. Different letters represent significant differences (Two-way 
ANOVA followed by Holm-Sidak post test, P < 0.05). 
 
Figure 4. Cch (100 M) induced internal Ca
2+
 mobilization in islets isolated from female C (A), CT 
(B), ob (D) and obT (E) mice.  
The experiments were performed in a perifusion system in a Ca
2+
-free medium containing: 11.1 mM 
glucose (G11.1), 250 M DZX, and 10 mM EGTA. Values are the ratio of F340/F380 registered for 
each group. Data are means ± SEM of AUC (C) and amplitude (F) of [Ca
2+





independent perifusion experiments. Different letters represent significant differences (Two-way 
ANOVA followed by Holm-Sidak post test, P < 0.05). 
 
Figure 5. Insulin secretion in the presence of 10 M forskolin or 10 µM Phe in islets isolated from 
male (A and C) and female (B and D) ob and C mice supplemented or not with Tau.  
Islets were incubated for 1 h at 5.6 or 11.1 mM glucose (G), with or without forskolin or Phe. Data 
are means ± SEM (n=6-16). Different letters represent significant differences (Two-way ANOVA 





















Table 1. Obesity parameters evaluated in 90-day-old male and female ob and C mice supplemented, 
or not with 5% Tau. 
 
 
Data are means ± SEM (n=4-5 mice). Different letters represent significant differences (Two-way 













C CT ob obT 
BW (g) 
Male 23 ± 1
a
 22 ± 1
a
 52 ± 1
b
 49 ± 2
b
 
Female 19 ± 1
a
 18 ± 1
a
 48 ± 2
b




Male 339 ± 4
a
 325 ± 9ª 409 ± 12
b
 374 ± 9
c
 
Female 321 ± 9
a
 332 ± 14
a
 387 ± 9
b
 393 ± 13
b
 
Retroperitoneal  fat 
pad  
(mg/g BW) 
Male 3.4 ± 0.5
a
 2.5 ± 0.5
a
 33.0 ± 3.9
b
 26.9 ± 4.2
b
 
Female 5.2 ± 1.5
a
 3.6 ± 0.7
a
 24.3 ± 8.5
b
 25.6 ± 4.1
b
 
Perigonadal fat pad 
(mg/g BW) 
Male 9.6 ± 1.2
a
 7.6 ± 0.2
a
 60.2 ± 3.6
b
 65.1 ± 15.3
b
 
Female 10.2 ± 2.0
a
 7.0 ± 1.5
a
 97.4 ± 4.3
b













































































































Figura 1. Glucose-induced insulin secretion in islets from 90-day-old male (A) and female (B) ob and C mice supplemented, or 











































































































































































































































Figura 2. . Insulin secretion induced by Cch (100 M) or PMA (100 nM) in islets from male (A and C) and female (B and D) ob and C mice, 








































































































































































































Figura 4. Cch (100 M) induced internal Ca2+ mobilization in islets isolated from female C (A), CT (B), ob (D) and obT (E) mice. 




























































































































































Figura 5. Insulin secretion in the presence of 10 M forskolin or 10 µM Phe in islets isolated from male (A and C) and female (B and D) ob 

















































































































































































































Os resultados obtidos neste estudo permitem as seguintes conclusões: 
 
 Camundongos ob apresentaram maior peso corporal e peso dos estoques de gordura, 
intolerância à glicose, resistência à insulina e elevada produção hepática de glicose. 
 
 Ilhotas isoladadas do grupo ob secretaram mais insulina em resposta à glicose, efeito que foi 
acompanhado por maior influxo de Ca
2+
 e produção de NAD(P)H em resposta ao açúcar.  
 
 A hipersecreção de insulina nas ilhotas ob também foi observada em resposta à ativação da 
via colinérgica/PKC e da PKA. Ilhotas de fêmeas ob não responderam à ação inibitória do sistema 
nervoso simpático. 
 
 A SST não reduziu a secreção de insulina em ilhotas ob.  
 
 As células α de camundongos ob hipersecretaram glucagon devido a alterações na sua 
atividade elétrica, pois nesse grupo foi evidenciado aumento do número de oscilações de Ca
2+
 em 
resposta à 0,5 mM de glicose. Ainda, a frequência elevada de oscilações de Ca
2+
 em resposta ao 
aumento de glicose no grupo ob indica que as célula α estão perdendo sua sensibilidade à glicose. 
 
 O pâncreas endócrino de camundongos ob apresentou aumento da massa de ilhotas e de 
células β e α, sem alteração para o conteúdo de células δ. 
 
 As modificações morfofuncionais da ilhota ob foram acompanhadas por redução da 
expressão gênica do glucagon, SST, SSTR2, GLUT-2, TRPM5 e MafB, porém aumento do 
conteúdo de mRNA para a insulina, Pax-6, PDX-1 e Ngn3. 
 
 A suplementação com Tau não preveniu o desenvolvimento da obesidade no grupo obT. 
Porém, exerceu ações benéficas sobre a homeostase da glicose, melhorando a tolerância à glicose, 
sensibilidade à insulina e reduzindo a produção hepática de glicose em resposta ao glucagon. 
 
 A Tau atenuou a hipersecreção de insulina em resposta à glicose e agentes potencializadores 
da secreção. Efeito que foi acompanhado por melhora na sensibilidade da ilhota obT à SST. Ainda, 





 A suplementação normalizou a secreção de glucagon e atenuou o número de oscilações de 
Ca
2+
 da célula α do grupo obT quando estimulada por 5,6 mM de glicose.  
 
 A Tau atenuou a hipertrofia da ilhota pancreática do grupo obT, reduzindo a massa de ilhotas 
e células β, porém esse grupo apresentou aumento da massa de células α e δ. 
 
 A suplementação com Tau normalizou a expressão gênica do GLUT-2 e TRPM5. Houve 
aumento da expressão do mRNA de fatores de transcrição envolvidos na proliferação de células 
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